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ABSÎRACT

The benzeno solvent-lnduced shifts in ths proton rnagnetic

rosonanco spectra of sons substituted benzenes l{ere ex¡rmined" These

¡ CAHt>
solvent shifts, ÄClú'o for the ring proions of a nunber of substituted

oo
benzene compounds wsre observed to ba addltlve. that ls, lncremental

solvent shifts can be ascri-bed to a rlng proton which has a glven spatlal

rolationship r,rith a substltnent" these ernplrically derlved paraneters,
YYY

^ 
^- A ^. and. A ^ ¡+hich represont the effect of a substituent X on

-p
the solvont shift at a proton orthon meta, or pare to ito are quite

useful in revealing the nature of solute - benzene solvent lnteractions.
^X ^XF::om Llneer plots of 7\* and Ao v*rsus laftcs substltuent eonstants

-O a-r aO :., * c.¡¡u v -! ¿r, is concluded. that. simple olectros'batlc charge effect,s
!¡

are rnost irnportant ln determining both tho magnitude and sign of the

solvent shift" Tn eertain eesos sterlc effect,s are ovident but are of

s econdary irnportance.
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Tt¡o basle theory of proton magnetlc resonance has been dls-

cussed 1n several books (f-3).

It ls known (3) ttrat the magnetlc shiel-ding constant of a nue-

leus in a dlssolved molecule dlffers from lts value in the free molecule

(gaseous state). For example, the applled fle1d strength necessary to

produce proton nragnotlc resonance at a flxed frequeney 1n rnethane gas

ls dlrnlnlshed by 1.99 ppn on dlssolvlng it ln carbon dlsulfide (4)"

Thus, the observed screeni-ng constant, o tot"l, for a partlcular proton

of the solute moLeeule ls the sum of a sereening.constant for the lso-

lated moÌecule and a contributton due to the sumounding mediurn" Ïf

the screenlng constant for the lsolated noleeuÌe ls approximated by that

measured in the gas phase at Iow prossure' then

" total - c solvent
/= ¡\\¿- ¿,/

the folì-ovring

gas

The screenlng eonstant, o solvent ' can be written as

sum (l+):
o"olv"rrt = ob o ou * oo' * ot * o" (I¿)

where ob 1" the contrlbution of the bulk rnagnetic susceptiblllty of

the nedium, 6 e refers to the contribution to osolvent nade by tho

lntennolecular electrlc fle1ds ereated by permanent or induced electrlc

moments in the solvent moleeules. Such flelds are probably only of slgnif-

icance when tho solute rnoleeule possesses a large electrlc dlpole rnoment

and the solvent has a falrly J-arge dlelectrlc constant. o 
" 

ls usually

negative. o * 1" due to the van der '[,Jaals forces between the solute and

solvent. Thls term ls always present, though usually snall and normalì-y

negatlve. o * refers to the rnagnetlc flelds at the solute nuclel arislng

fron the rnagnetlc anísotropy of the solvent moleeules. It ls generally



accepted that rfrod-shapedrr solvent noLecules (".g., CSZ) produce a

negatlve oe i ñdlsk-shaped$ solvent molecules (€og. ¡ benzene) produce

a posltivo oa. o e ls the shleldlng due to speclflc molecular lnter-

actlons botween the solvent and solute moÌocu1es.

At this polnt the reader ls reminded that the shieldlng

constant of a partieular proton is always measured rel-ative to that of

some reference proton, most commonly the protons of tetramethylsllane

(mS). therefore the quantity whleh will be refered to as ototal ln

thls thesis is actuaì-Iy the dlfference ln the total shlelding ss¡5lant

between the proton(s) of tho molecule under consideration and of some

referenc€,

Unfortunately 1t is usual-ly experlnentally impossible to mea-

sure ogr, .ii""ciiy. îherefore e riiree'u cal-c-ul-aiio¡r of o solvent is

eeldom possible, Most NMR solvent effect work has been concerned urlth

differences in the observed shlelding for a partlcular proton, that ls,

a tota] shielding constant of the proton 1s measured ln solvent I , and

compared with the same illeasurenent ln solvent j .

(r-3 )

Both measurements of otot¿I should be carried out under the same exper-

lmental conditions. For exanple, the concentrations of solute in each

solvont should be the sa:ne and sufficlently sma1l to approximate the

chenical- shifts at lnfinite dilutlon" If this condition is not met

one cannot assume that solute-sohibe intoractions are negligibly smaIl.

For a glven proton of a solute molecule, equation (I-3) may be r,rritten

^1- 
olnsolventl o i^sclventj

Aj - total - total

A1 =AooA"nAroArnA" (r-+¡



/r in solvent I ln solvent j
whero AU=oi -ob ø etc"

In the renalnder of thls theslsu solvent i !¡Lll- be referred

to as a reference solvent. The properties of the ldeal- inert reforencs

solvent heve been discussed by l¿szlo (5). It has been conclucled that

cyelohexane, n-hexane, neopentane, and tetramethylsilano ought to be

prefemed to carbon tetrachlorlde as inert solvents (5'6). F\rrthelvÌore, the

use of carbon dlsulflde , chloroform, or deuterocirloroform as lnert

sorvents is not recommenrred. A;:ï:tl-t"lii3l;u't .,n"l,rus are orten

referyed to as traromatie solvent lndueed shiftsn, abbrevlated as ASIS'

By maklng the pro^oer choice of solvents and by using an intornal

reference one cen approxi-mately eliminate certain torms in equation (I-À'').

^ 
eYclohexano

In this partlcular study, 4'"rr"".,, valuos for ring protons of rrrìmor-

ous substltuted benzenes havo been obtained. For thls pair of solvetits

1t ú1111 be shorvn that

(r-5)

lf an internal referenee is used.

Before discussing the terms of equation (I-Z) further, the

hlstory and applications of ASIS will be briefly ¡nentioned. Also, the

purpose of this thesls wlll be nentionedo

In I95?, Bothner-By and G1ick (?) and Zimmerman and Foster (8)

first shor¿ed that an environment of aromatic molecules tends to lead to

an lncreasod solute screenlng eonstant r,¡hose nragnltude varles r+ldely

from one solute to another. It ls norr¡ aecepted that theso hlgh fle1d

shlfts arlse predomlna¡fì-y from the large dia:nagnetie anisotropy of

aromatic solvent nolecules (9), r,¡hich in turn owes lts orlgin to the

cyclohexane
benzene

r A. * A"



rel-at1ve1y free clrculatlon of r-olectrons ln the nolecuÌar plane

lnduced by a nagnetle field (10). Early work pertainlng to ASIS has

been di.scussed by Pop1e, Schneider, and Bernstein (1t) an¿ by Emsleyo

Feeney, and Sutcllffe (3)" l,fore recently, solvent effeets 1n proton

nagnetlc resonance have been revlewed by laszlo (J) and by Rona¡me and

lillliams (t).

Benzene solvent-lnduced shlfts have been used as an ald in

the sinpllfleatlon of cornplex NÌ4R spectra, in structurel elucldation,

and in stereochemleal studies. On1y a fow examples will be cited herei

the reader is referred elsewhere for dlscussions of tho appl-ieations of

ASIS (5, g, t2)"

Sometlnes the nuclear resonances for two t¡rpes of nuclel ln

'¿Ìie sa¡rie ruoì-ecul-e, wiiicìi are i'rct isocì:r'onous by syrnineiry, -wiii ¿cci<ìor¡t-

ally display the same chemical shift. This apparent degeneracy can often

be renoved by recourse to solvent, effects. For example, the two different

types of protons'in the spiro nolecule (I) appear isochronous ln carbon

tetraehlorlde, deuteroehloroforrn, or trifluoroacetlc acid solutlon,

whereas they beeome nonequlvalsnt 1n benzene (13).

Schaefer and Schnelder have utll-lzed .ê.SIS to determine the

relatj-ve signs of the eis and trans eoupllng constants ln vlny1

bromlde (r4).

B¡r rneasurlng the ASIS for a large varlety of monocycllc and

polycyelic ketones, Connolly and }fcCrlndl-e (1J, 16) have established that ln

the case of an lsolated carbonyl group, the benzeno-lnduced solvent

^ cclt, nn¡'l
shift ( L;".;: or A;|;--3 ) wnr be positlve for protons lrrne behlnd- v6n6 v6n6

a.plane drawn through the carbonyl carbon atom and perpendicular to the



^

lABi,E T

Sol-ve nt Sh-i ft s- f-oJ 
-tùs -P{gtglfg-gåÆ :

HA HÉ

\-_J/-\ -/-\o< )<_)-o\:,/

ï

SOLVEI'¡T H¡ (nnm) Hu (nnm)

direction cf tbe c_o tond (rI); protons

have a negative shift, atrd protons lying

plane r^rill- have a sntall or zero shift"

(see rII) (t7)"

6.42

6,1t8

6.Bo

6"oT

-1ying i-n front of the Plane will

r¡êr\¡ nlaâr"- on 'in the referenceY v¡ ¡I ¡¡vçÀ , v¡

For exampleo consider benzil

CCL,

cDc13

cFc00H

c6H6

6.42

6" 48

o"ou

5.49

o
\\

c-Ø
,/(c) H

H
(b)

TT TTI

The ortho-protons (a) must bo al-sost in front of the carbonyl group as

the ASIS is only *0.01 ppm. The other protons have the same ASIS

(+0.50 ppm) and cannot be dlsti-nguished by this nrothod. the 'ocarbonyl

plane rul-ett has found wide appllcabilit¡r in the field of structure

elucldation (tB, 79),

H
(a)

\.:

q;
:

:

+
\
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Ïn ìrenzene solutions of ami-rlss it has been d.emonstrated that

the substituent proton trans to the orygen is shlelded to a greater

extent than the substituent cls to the orygen (p). The ÀSIS of the

2-GH2 protons of some N-forrnyl and N-thloacetylindolenes allo+¡s one to

dlstlngulsh betrseen conformational isomers (see IV - WI; the solvent

IV

.nA,

\Æ

sL. ,

ruI

æ(o.Bz,eI?(0.28, ærc.s5)
I

oAu

1¡

shlfts nili]1 are shorøn tn parenthesos) (20).v6rt6

( 0.36)

In using the sol-vents benzeno and c.yclohexane r+ith an lnternal

referenee, ono might oxpect no net ÂSIS due to the A, terrn in

eo¡ation (f-4), sinco the reforence protons shoul-d experience the samo

dlfferential shlelding, A * , as tho soluto protons, Howevor, the space

and tlme-averaged ntagneti-e enr¡lrorunent e>çerienced by the solrrte mole-

cules, duo to the magnetic anisotropy of the benzene solvent molecuì-es,

will be dJ-fferent ft'om tbat experiencad by the Ti,fS internal refer"ence

nolecules. Speeifle interactions betrn'een tho solute and solvent, rnole-

cules are thought to leacÌ to this differenee (Zt)" The maln ourpose of

this thesis is to ínvestågate further the nature of these specifLc inter-

actlons ln a serles of substltuted bonzenes. In partlcular, the effect

of the slze, shape, and electronlc proportles of the substituent groups

on the ASïS of the ring protons will be of intorest, Any correlations

between substltuent properties and tbe ASIS r+oulcl be of ompirlcal- use
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ln strueture ceterrninations by NMR and nay also serve as a gulde to an

eventual theoretieal elucidatlon of the observed effects.



CHAPTER IT

TlìE SiìIELDiì'lG COìüSîÂì'IT, o soli¡ent
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Â" TNTRODUCTION

The understandS-ng of the shleldlng constant, 6 solvent ,

is facllltated by the followlng some¡.¡hat arbltrary breakdownu

osolvent = ob * o" * or* o"* (\-2)

In thls chapter the origln of the flrst four terrns of

equation (t-Z¡ r+iII be dlscussed briefly, but pertinent roferenees

r.'f.lL be glven. Tho nagnitude of some of the terns in equation

(I-4)o where I = cyclohexaneu and j = benzene, wilÌ also be dis-

cussed"

A]=AooAu*A*uA.oA" (IJ+)

" 
o trili ì';elne specific soiut,e-soivent, interaciion,

dealt wlth separatol-y 1n the followlng chapter.
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Bu THE BUIK SUSCEPTIBïLITï ÎðRlf. ob

For a dlamagnetlc zubstanceo the nagnetizatlon per unlt

volume lnduced by a nragnetic f1eld' H, ls I = Xv E, where Xu is

a proportionallty factor called the magnetic susceptlbility per

unit voÌume. The nagnitude of Xu ls dependent on the partlcular

materlal.

If an lnternaL reference zubstance 1s used, no correctlon

ls necessary because the solute and reference molecules both

experienee the bulk susceptlbility of the solution, thus the o b

term ln equatlon (I-2) is zero.

However, 1f an exLornal reference i-s used, Xv (solute

+ solvent) f Xp (exùernai reference)" Thorefore, the rnagnetic

fletd experienced by a molecule in the sanpÌe will be slightly diff-

erent frorn that experienced by a molecule in the reference. It can

be shor¡n that for a cyllndrleal sample (4),

o total (corrected for bulk susceptibility) =

.! 2r 
^vo total (observed) ' 7 ""

where Ax =Xsolvent- Xreference.

(u-l)

Lussan has pointed out that 1f the chemical- shifts are

deslred w'lthin 10¿ ppmn the values of the susceptlbll-itles ought to

be determined rdth a compareble absolute preeisiono whleh implies

better than 0.2J fi rcIative aecuracy (22). Slnee lt is difficult

to obtain accuracles of botter than ? fi, Il is preferable to use

lnternal referencing provlded one carefully checks that the chosen
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reference does not lnteract with the solvent (J).

fn thls partlcular study the lMS referenee certalnly

experlenees a solvent shift on going from eyelohoxane to benzene as

solvent. Howaver, lt ls probably va11d le ¿s5s¡¡a rhar- n9S\ere that Açip¿' is

a constant for 1l{S ln each solution studled, sinee solute-reference

interaetlons r.¡ould be very small and approximately eonstant" In the

oplnion of the authoru external referencing would be more neaningful

lf proper bulk susceptiblllty eorrections could be made.
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C. THE RÊACTION FIELD TERl"f , oe

For polar solutes, large solvent shifts ean often be

attributed chiefly to the effeet of the reaetion fleld, !-dhen a poÌar

solute nolecule is dissolved in a polar or polarlzable solvent, 1t

polarizes the sumoundlng meù1urn. Thls polarizatlon l-eads to a sec-

ondary eleetrlc field, the rrreaction fieldtt, which in turn modifies

the electron dlstrlbution of the solute. If the solute molecule is

sufflclently s¡rmmetricaL, the mean reaction field is paralIel and

proportlonaÌ to lts dlpole moment.

Bucklnghan has developed a theory based on the Onsager

model (2)) to account for the effect of the reaction fle1d on chemlcal

shifts" In '"his '"raatnen'" the ei-rtire soiute ¡¡olecu1e is r.epreser¡t,ecì

by a point dipole at the eentre of a sperlcal eavlty of radius r ,

surrou-nded by an lsotroplc, homogeneous, eontinuous rrredlum with

unlform dielectrie constant e . the reaetion fiold, R,i-s

&=2( e-t). g
2¿ +t ¡)

where m = U4 aR 1s the total dl-pole

medium. The polarizabllity of a sphore,

tr{ossottl equatlon, is

&= z( r)(n2 - 1)"

(rr-2 )

moment of the soluto 1n the

as glven by the Clausius-

e = ¡3¿ 3

w-'î (rr-3)

where n ls the rofractive lndex of the pure solute (as a liquid or

soIld) for the Na - D Ilns. Solvlng for 3 and. slmpllfying glvos

u (u¿)
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where Z( e)=2ç e -Ðl3Q e + n2) .

and equatlon (II-4) reduces to

¡'or nost solutes ¡ nt !"5

&= r-1 .L (II-5)
2E +2"5 cr

Ì4arsha11 and Pople (24) and Bucklnghan (23) have shor¡n

that ths nagnetle shieldlng of a partlcular nucleus should depend

upon the component of ihe loca1 eleetrie fleld along the T - H bond

direction. That 1s,

oe = - AE cos O- ¡82

ae-¿
c *R

(il-6)

(rr-7 )

where E eos 0 ls the projection of the local eleetrlc fieldu g ¡ orl

the bond dlrectlon, and A and B are eonstants characteristie of
4C ^

the X - H eovalont bond (for C - II bonds, A ^,- 2 x !O-" "rf f .,sorlo e

^-18 4 ,, .2.And Þ-- 1U em / l€o Scll. ,l ,l¿

Fquations (II-5) anrl (II-6) yield a contribution to the

shleldlng of tho X - H proton due to the reaction fieLd R of

o 
u = -î A

t
Z(e )(t' -1)H_ eos o

c

2
Since the E- torm can be neglected, the observed chenlcal shift of

a glven solute |s expected to eorrelate llnearly with Z(e ) w|th a

) .'>
slope of - i a(n'-l), cos o/o 

"-)
fn ordor to take lnto account the shape of the solute

nolecule, Dlehl- and Freeman described a rnodel based on an elÌipsoidal

cavlty and shorved that

coso t 
" [t.,"z*rleJ

oo= -Air-.- aÞc
( rr-8 )
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2
r.¡here ß= n- E, /(t-e*) o ta 1s a shape factoru and aubo and c

aro the ellipsolCal sern'l -axes.

In the presence of two equal and

quadrupoÌar reaction field may arlse. The

of a quadrupolar moment, ¡r , is glvan by

R' = Lur..-t) lße øJ,-5,

opposed boncl dlpoles a

reaetlon field gradient

Q3)

( rr-e )

where Þ is the moÌecular cluadrupole rnoment. For a moLeeule with

tvro opposed dipoles of moment, u , separated by a distance, ¿ ?

Õ = 2 d. the nagnitucìe of r-5 ls readlly obtalnod. if the assump-

tion 1s ¡nade that the nolecule j-s spherical and completely fi1ls tbe

Onsager cavlty.

The difiicuìty in obtalning i;Ìro reacilon field shift aild

testing the valid-ity of the abovo rnodel- often lies ln correcting for

other factors uhich contribute to the total solvent shift.

The experímental rest:Its of several works have been roviev¡ed

by laszlo (J) and Ronayne and t¡liIllans (9). I¿szlo eoncludes that

all experinents converge torvards the ldea that the reaeti-on fleld

erC-sts and 1s apparent ln NI',ÍR shifts" Also, he eoncludes that it is

rmrch rnore speciflc an effect than expeeted fron the simple theory (II-?)"

Many of the reported corelations of o versus Z(e )

exhlbit considerable eurvature as e lncroa"rs (9). Recently,

Sehaefer and ì,facdonald have suggested that this curvature rnay be the

result of specifie solute-solvent lnteractions in solvents of higher

dlelectric eonstant (25) 
"

Kuntz and Johnson have i"opouua that most, 1f not aIlo the
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mpol.ar solvont ef'fectsrr can be treated by specific interaction nodels

r,¡here the l-ifetine of the eornplex is very short - of the order of the

col-lisiorr times in liquid, (fO-l1 sec). The t¡orderingrr of the 1lo,uid

associated with the ínteract-'l ons ls thought. to be both short term and

short rango (nearest neighbour) (26).

sim1lar1y, Goldsteln and coworkers have found the onsager

rnodel unsatisfactory for solvents of high dielectrie constant (??)"

0n the basls of a tr,¡o-body lnteraction the influence of ilpolar effectsrl

on ehemical shifts r+as satisfactortly calculated using a virial-type

erpression invclving a Stockmayer intennol eeular potential enel:gy.

On the assumptlon that o r is given by ec.uation (lI-?),

it can easil-y bs shor,rn that o 
" 

is srnaì-l in this partlcular" study'

The dj-electric constants of benzene and c)¡elohexane ere 2"284 (eOo C)

and.2"O2j (2Oo C), respectively, Considering ehloroï¡enzeno as solute,
- -18 . ,^,.A . 3

u = 1.60>< 10-'"sns.tlo-cm' nD = 7"5248, and cr = 84"0 cm-o Sub-

stituting the appropriate valu-es into equation (II-4), ono obtains

a reaetlon fJ-erd of 6.?7x103e" ",u.f .rf ln benzene and 5.æx
3r^

IOte"s.u"/crnt in c¡rslq¡exane. Taking cos 0 = +1, and Â =

-12 2.
-Z Xl-0 --eru-/€o 

souo , the roaction field chenical shift of chloro-

benzene ls oe = -0o013þ ppn in bonzene and -0.0114 ppin in cyclohex-

ane. Thus 6el¿ 0,002 pprn for chlorobenzone"
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D" THE VAN DER WAAI'S TEP¿I{, O w

For sirapl-e non-polar organie eompounds, a change frorn the

gaseous to the liquld state ls accompanied by a shlft to low field

in excess of that calculated using the classical bulk susceptlLrlllty

correction (¿'). For a sJrmmetrical non-polar molecule such as methane,

thls low fleld shift ls attrlbuted to van der Waa1s lnteractions

(dlsperslon forces).

In an early attempt to illustrate the effect of dispersion

forces, Buckingham et al" obtained a fairly linear plot of the probon

resonanco shift of methane in clilute solution i-n various ilinertrl

solvents against the heat of vaporization of the solvent at the

bclling pcint, (+).

Aì-though the heat of vaporization is a measure of the lnter-

action between l1ke solvent moleeul-es, a close proportionallty of the

corespondlng interaetlon of the solvent nolecul-es with the corurlon

solute molecule, CH4, may be expeeted lf the interaetions are of tho

sirnple van Cer Viaa1s t¡49e.

The roechanlsm of the shiel-ding change due to van der lrlaals

lnteractions is undorstood at the present tlne as involving a fluct-

uating el-ectrlc field orlglnating in the solvent molecule (28).

Although the average magnitude of this field is zero over a perlod

of tlne, tho tirne-average value of lts square l-s nonzeroo this causes

an expansion of tne electron cloud of the solute proton and ther.efors

a reciuetlon in t,he shlelding (whleh outr+eighs the increase ln shielrl-

'lng caused by contraction of the cloud due to repulslvo forces).
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Ra¡mes, Buckinghamo and Eernsteln have developed a semi-

ernplrlcal statistleal method whlch has been applled successfully 1n the

caæsofgases .(blnary colllsions only) and gaseous solutions (29).

Linder, Howardo and Emerson have attempted to ealculate o 
w

by extendlng the Onsager continuum model to non-polar molecules (30, 3t)"

In this rnodel, one molecu-l-e ls singÌed out and treated expì-lcitly wh11e

the others are replaced by a unlform dj-electrlc nedium.

Consldor the rteentretr molecule to have a moment M with a

frequoncy of oscillation v I (denoted tf( v i) ), Thls nornent glves rise

to an electrlc fleld at a distanee rK from the centre, which may be

wrltten,

ft = (3¡r( v r)'r¡ç/rr5) "r - I( u i)/.? (rr-10)

this field wll1 fluctuate with the same frequeney as U( v:_) and lnduces

a moment in eaeh noloeule cf the dielectric" For the Kth tol"cule the

moment is

MK = oi En (II-l1)

where the asterisk serves to inoicate that the polarizabllity is not

statlc. Eaeh monerrl{f glvos rise to a field{ at the eentre of the

Onsager cavity, Thls resul-tant fie1d, T E" , ls the analogue of the

reaetlon field of a dipole. It can be shorrn that this electrlc field

is equivalent to

v 1v2 (u-12)

Fron eo,uation (II-6), the

u 
1o 

r2

shift d¡e to the dispersion effect ls

2?E = inr

o"=?tn* u 
1 

u2

Ï'.q
( rr-13 )
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f.,.1.where s = | (zrf -z) I Grf +t) | 1",, (rr-rt+)
LJ

n ls the refractlve lndex of the solvent, and r the radius of the

sol-ute utrieh can be dedueed from lts nolar volume; h is Planckrs

constant. A moan absorptlon frequencl¡ v , (the zubscrlpts 1 and?

refer respectlveÌy to solvent and solute) can be caLculated from the

relatlons

v =r/h
rlhere I is the lonlzatlon potential, or from

,2
v = _ 4m_e-

[ffi "XM

(II-15)

(rr-16 )

where a ls tbe polarizabllity and X ¡4 is the molar diarnagneti.c sus-

ceptibllityi me is the rnass of the electron, and c is the veloclty of

Iight.

Lumbroso, ifu, and Dail-ey have used the abovo model to ealeulate

the gas to solvent chernical shifts for slx non-po1ar molecules in a

range of solvents (32). The caleulated shifts are rmrch too small.

De Montgolfler (33) ¡as attempted to lmprove the model of

Llnder et al"

The calculated o..o shifts uslng the above rnodels are lnvariably

too small by a factor ranging fron 2 to !0" Also, these nodels do not

dlstlnguish between the solvsnt effects for ehenically different protons

1n the solute. By treating the soluters envlronment as consisting of

a dlscrete number of sol-vont nroleculeso Rummens, Raynes, and Bernstein

have presented a trbinary coÌllsion gasfr nodel, as r.¡elI as a rrcagefl model

for estirnatlng o * (34). 1o account for the dlfferent van der Waals
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shlfts of the peripheral CH3 groups and inner CH2 Broups of S1(CH.C\) q

ln various solvents, a site-faetor correctlon lras lntroduced. Ä}though

good results r¡ere obtalned for the compounds X(Ci{3)4, where X = C, Si,

Ge, Sn, and Pb, tho theory ls really only vaì-ld for smal-I moleeules.

Ra¡mes and Raza have found that there is no simple proportion-

aIlty between obsorved o * values and the solvent moleculees polarizabll-

tluy (28)" They concluded that s * 1" caused nainly by localized inter-

actlons since it has tr, "-6 dependence.

Kromhout and Linder have attempted to calculate o ro using

quantum mechanical perturbation theory and standard statistical averaging

procedures (35). The theory was developed for closed shell atorns end

crude nodifications are introduced to perrnit applieatlon to CHU and CF4.

The agreornent between observed and calcul-ated o* values for these ir.¡o

molecules is only fair.

Slnce al1 caleulations of o * have been concernod w'ith non-

polar solutes in non-polar solvents, ii ls difficult to estimate A'

for substltuted benzenes in the soÌvents benzene and cyclohexane" However

it is expected that 4,, can bo negl-ected in this study (36).
w

Hutton, Boek, and Schaefer have obtained a l-lnear plot of the

S1-F corrpllng constants 1n SiF4 versus the heat of vaporizationr HO ,

of t-he solvent at its bolI1ng point (3?). From thls plot lt was concluded

that the solvent dependence of the coupllng ln S1FU arises fron dispersion

lnteractlons" the val-ue of the Sl-F coupling was the sane ln C6Hr2 and

C5H6 suggestlng that the dispersion lntoraetlon of the solute r¿ith these

two solvents u.as the same.

Uslng equatlon (II-13) Honrer calculated the eontribution to



27

the shlelding constant of TMS arlsing from cüspersi-on interaetlons (38).

the value for benzene as solvent dlffered from the value for eyclohexane

as solvent by only 0.00J ppm.
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E. THE ANTSOÎROPY TBRM, OA

The large hlgh-fleId shifts commonly observsd between ncn-

polar solutes ln aronatl-c and hor-aroftetic ilinertil solvents can be att-

rlbuted mainly to a eo Beeconsal (39) fras measured the chemical shifts

of the solutes methane, cyclohexane, and tetramethylsilane relative to

an exLernal reference in the solvents benzene and carbon tetrachloride.

All shifts were measured in dilute soh'.tlons (a11 below O,tfr r¿/r+).

the experlrnontal o" values glven 1n Table rr are oro"(46*6) -o,"(ccru)
values, vthere olo" values have been eorreeted only for buÌk susceptibll-

ltles. Thus eontrlbutions from eloetric fields, van der Waals effeets,

and molecular association have been neglected.

TABTE II
Þcperlqental Anisptropie BeBzene SqlïegL_Shiftq

s0T{UTE

Methane

Cyelohexane

letramothylsllane

EXPERII,IEì,IIAI o a (oom)

0.536

0.490

0.452

lhis assumptlon ls probably valid so that o, is eorreet to within

t 0'010 ppm. In thls soetion a few of the nodels which have beon dir-

ected at obtaining the magnitude of a a will. be mentioned.

The magnetic anlsotropy of the benzene molecule ls well lanown

and has been reviewed (2), The benzene rlngs have large induced magnetic

moments only rvhen the ring ls at right angles to the fleld, It is this



23

induced magnetic field (lllustrated in Figure 1 -below) r¡hich leads to

the deshlelding of the rlng protons of benzene relatlve to the ethylenlc

protons of cyclohexadiene-l,1. By assuming this ring curuent shift to

be 1.50 ppm, Johnson and Bovey (40) have caleulated the ülsoshieldingìl

lines shown 1n Flgure 2.

Figure 1" Ring

tlno
curuent effects ln benzene .

Effect on the chem|cal shifts of a nueleus at various positions
due to tho rlng eurrent of benzene. The plot represents one
quadrant of a plane passing normally through the centro of the
rlng, v¡hlch lles horizontally. A positive sign denotes an upfield
contribution to the ehe¡nica! shift; o and Z are in units of tho
benzene C-C distance, I.39 E"

Flgure 2.
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High-fie1d benzene solvent-lndueed shlfts can be qualitatlvely

explained as follows. In the absenee of any specifle solute-solvent

lnteractions, a benzene molecule can epproach solut,e nol-ecules nore

cÌosely along the benz.ene six-fold ad-s than in i'us molocular plane.

Thus a conflguratlon of the t¡4pe VIII would be expected to be the pre-

femed time-averaged orientation of benzene and solute as opposed to

configuration IX"

It can be sho'"¡n that to a first approxlmation the nagnitude

of the seeondary magnetlc field at disLance R fron the point (O,O)

of Figure 2, varies appro;inately as the inverse third ;oower of ft (4).

Because of tho R -3 dup"ndence, high-field l¡enzene solvent-induced

shifts can be r'ratj-onallzedrr by the importance of interactions of the

type shown ln (X). Notice that the solute mol-ecu-l-e is shielded,

thus rrexplalningtr tho relative slgn of the observed o o values given

1n lable I

ñ
\--/

o
ïx

*

o
wfi
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negotive

neg of ive

.l .-.._ postï tve

f, "",'.

negati ve

negotive

(rr-16)

n of the solvent

x

From a statistical mechanical calculation in $thich the solute

molecule 1s treated as a point, Stephen (4f) and Buckingham et al. (4)

obtalned

o 
" 

= -"[t x,, - xr )/3{
_l

I

-1 |J

rigiwhere R ls the magnltude of the vector between the o

moloeule (benzene) and the solute molecuì-eo

0 ls the angle between $ and the axls of the solvent moÌeeules,

X,, ls the nagnetlc susceptibillty along the prlncipaÌ axis of the

solvent ¡no1eeule; Xt ls the value perpendicular to lt, and

so lute
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n ls the number of moleeul-es ln the relevant range of R.

Uslng equation (II-16)u Bueklnghan, Sehaefer, and Sehneider

calculated o. = 1.3 ppm for mothane dlssolved ln benzene (4). In thls
calcuÌation the follor+1ng assu.rrptlons l,'ere made: ( xrt -X..,- ) = gxt|-29""* *r*""¿,
nr'Z, and R = 4,5 î,

Abraham (42) has conslrlered the anlsotroplc solvent molecule

as a cyllnder of effeetive radius r(i) ana hetght zh(l) lrith dlfferent

nagnetic susceptibilitles X,, and xr along and perpendicular to the

a>d-s of the cylindor. The resulting equation is

(rr-1? )
(r + 2b) (rz * h? )J/z

Ilnfortunately this equation only provides an estlm.ate of the shlelding

from a single anlsotroplc moleculeu thus rnaking a eomparison of ob-

served and calculated val-ues difficult,

Sehug (43) trs presented a similar model, which accounts for
all anisotropic molecules in the solution, rather than nearest neighbours

on1y. The caleulation ls based on the assumpti-on of eonplete randorlnass

ln the l-iquid state. The result is

o = to3ox
a xr-xil )ir r+h

o=
a

r11

/¿x \ L-,12 e*'o n2)' -'¿nl
\V / (4r¿ +¡.¡z (rr-ra )

where 
^x r r¡ and h are defined in the same way by schug and Abraham.

V ls the molar volr-meo Using the follorring parameters for benzene:

^x =8.!6x10-29"r**r,r""-'e r=4.3 l, h =4.8 1, "nd v = !4?,2 13:
schug calculated a high field shift of 0.5 ppn for a soÌute in benzene.

Ttrls is ln good agreement r+ith the val-ues in Table I.
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Recent1y, Beeconsal (39) fras clerived expressions for caleulating

solvent anlsotropy shifts ( o") fcr non-polar spherlcal solute mol-eeules.

the ¡rost lmportant points resultlng fron thls model are:

1o As a resul-t of random tumbIlng, the anlsotropy contri-

butlon, oe, to the nuclear sereening is independent of

the positlon of the nucleus within the solute moì-eculeo

belng equal to that caleulated for a nucleus at the centre

of the mo1ecu1e.

2, 
ì "J decreases r¡'ith increaslng solute noleeul-ar racìius.

The expressions obtained for oa are cumbersome. Observed results for

the solutes of Tabl-e I are about one half the predicted value.

By using an lntertr¿l reference 1n the present study ono may

expect the solute molecule (a substituted benzene) and the referenee (TUS)

to experience approximately the same o ao The te¡nr osolvent of sub-

stltuted benzene would be approxlmately zero in both soÌvents benzene
n CtÍi,n

and cyclohexane, and therefore nCZpà'- 0"00 ppm. Horsever this would

be the case only if the orientation of solvent molecules surrounding tho

solute and reference molecules r.rere eompletel-y random (i.". no speciflc
n cAHrt

interactions). Since solvent shifts, ACiDi- values, of betw^-en -C,25

and 1.03 ppru have been observed in the present study, it ls concl-uded

that sol-vent shifts arise from r:on-random orientations of the benzene

solvent molecules in the vicinity of the solute" This non-randon orlent-

ation of the bonzene solvent molecules has been attributed to s,oociflc

solute-solvent interactions. Dlfferent hypotheses concernlng the nature

of this interaction i,¡111 be dlscussed in the follor^rlng chapter,



CHAPTER IIÏ

SPECIFIC INTnRo-CTIOltlS: oc
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AO ÏNTRODUCTTON

Sone t¡pe o-f specific lnteractlon, o 
", 

must be postulated to

rationalize observed aromatic solvent induced shifts. Although the

mechanisrn of thls lnteraetion is not well understood several useful

ernpirleaì- correlatlons between solute propertles and ASIS exisL (5, 9)"

The purpose of this chapter is to polnt out some of these correlations,

Also an attonpt will be nade to shor,r that the simplest nodel commonly

used to lnterpret ASïS, the 1:1 eomplex, is obsolete. Tnls chapter ls

not intended to be a cornprehensíve review of the speclflc interaetion

tern,
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B. CoRRELATI0NS

1; Correlation of the å,SIS with the Solute Dipo1e l.Íoraent

Schneider (2f) obtained a linear plot of x/ V v"rsus ASIS,

where u is the dipole rnoment and V is the molecular volurne of various

solutes used (see Figure 3). Modest deviations in this plot prcbably

reflect poor estimates of the quantity V . The large ASIS for ehloroform

is attributod to hydrogen bondlng with the aromatie r-electrons.

.40
- Neope¡ta¡cA (H")

- 
Bèn¿c¡c

t.o 3.O 5.O 7.O 9.0

1'91¡ xtoe

Figure J" Plot, of proton solvent shifts versus u/V (Fro¡n Schnelder (2t)).

Brown and Stark (44) have shown that the dipole moments of

organonetallle cornpounds of the type (CH3)rrSnXU_,,, (X=Cl, Br, and I)o

can be fairl.y accurately det,ermined from the solvent shift (nSfS) of

the methyl protons.

Diehl (4J) has correlated the ASTS at the meta posit1on of

substltuted benzenes with the substituent dipole nonent, the slope

being -0. 14 ppn/Deb)'e.

Additlvlty of A_SIS

Dlehl- has demonstratecl the additivity of ASIS for disubstituted

2,

O clijcHo
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benzenes (46). Aclditiuity lr,rplies that in a substituted benzene

derivatlve, the ASIS of a glven proton is a linoar superposition of

contributlons from the indivicìual substituents, X. I,etAT represent

the contrj.bution of substituent X tn tJre total ASIS, A u for a proton

ln positlon i relative to substltuent X ( i = ortho, meta, or para)"

For example, in tiro case of a 1ol-dlsubstituted benzeno (Xt), tfre solvent

shlfts (relative to an internal reference) for the protons 2 and þ are:

+AÏ
-o

.A:

(fir-1)

(rrr-2 )

(ur-¡ )

4
XI

Tho values of the pararnoter" A1 r,;hich Ðieh] calcu-l-ated from hls
-L

erperirnental results are given in Table IÏÏ"

TÁ,BIE ITI

-@-¡q-uhqee

ru
hTH

OH¿

0l'1e
¡
Me
CI
Br
T
^ttU1\
tlalIIL,^¿

A:
^*

AXp

4.2
oA

-4.2
3"6

-1"2
5"4
5"4
5"4

22,2
15.6

-6" 0
6.o

-3" 0
t3.B
-3.0
75.6
!6.2
5"4

3t,B
36"6

-ll "2

15.6
!6"2.

foIlouår:g ASïS for

3!.2 (H 6) . The

Uslng these valuos, one calcu.Lates the

1-nitro-3-chlorobenzene z 2!.0 (H 2) ; 52.2 (H ,);

A(He) =A:

Atuu) = A:

A(H¡) =Al "A;
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observed values are:.18.30 (ita);' io.40 (ur); and 30,00 (H5,). Ðevlations

from additir¡iiy occur however, when substituents are accurnulated in

adjacent positlons, as in 1r2-dichlorobenzene and !,2rJ-'vrlchlorobenz,ene"

I¿szlo and Soong (ltl) have ciiscussed the additivi'r,y of ASIS

for the cyclazines. Consider Table IV.
$BI,E-JV onssnvro ¡No C¡,lcu¡-rrrro Verurs oF rHE ASIS rcn r¡rs CycL.c,zrN¿s ,

/ 
0.'¿

rôro"
Ç2oor

Calculated Obsen'ed O."q.gllon-"-

fô,' ¡ff1',0 +0.r3
ñp-ioæ \Zl.l"" -0.0s

090

¿Arossll )lNVN
,,Ä,* 13:3i,\l
-{q¡ - 0.14

l\""
Vl 0"" 

+0.02

Additlvlty of sorvent shifts has also been reported in the

steroid series (J, 72). For instance, wilriams and Bhacca havo d.emon-

strated that under certain eonditions, increments can be assigned for

the ASÏS dus to the introduction of a carbonyl group in various positi.ons

of tire steroidal framowork. the a{ree¡nent beiween obse:.ved and calcul-

ated ASIS is sooci.

3. Ot¡ef_C_o¡¡telations

Diehl. has shov¡n that the ASIS in m- and p- positions of benzene

derivatives ars proportional to the Hammett Parameters of the substituents

in question (46). From a plot of the Harunett parameter o I o fo * vs. A*t
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a slope of 0" l4 ppnl*am-'nett unit was obtained"

Bowleo Rona¡rne, and Wllliams (48) have tried to show that the

soÏænt shlft { A!c}+ ) ror the metho:grl resonance of para substituted
v6n6

anisole derivatives (X= N02, COMe, CNO, Br, SMe, H, Me, Ol{e, NH, Nl{e2)

depends on the polarlty of the solute molecule" they plotte.i Avs, o p

as l¡eIl "" 4.r". di-pole moment of solute. These plots are eertainly

not linear but they lnclicate that A ís rel-ated to some ftelectronicrl

property of X. Sinilar plots have been attempted for ortho and meta

substituted anisol-es (4!).

Schwenk (36) fras foun,f that benzene solvent shifts C A9OlrZ )
v6n6

for ring ,orotons in po'ì-yhalobenzeno derivatives eorrelate r^¡e1l r.¡ith

vlr functions, I is the clipole moment of, and r is the C-X bond

length i-n, the phenyl halides. The following halogen-substituent solvent

shift pararneter"rAo*

vs. Ac6Ht2qt.t ì_e v).
v /v /oo

,ArX , "ttdAox r¡ere derived frorn plots of F( u /r)

TABI,E V

A S I_S_Par qrqe=! e r q_Fo I P_q l- v.þ q.þb e n z e Le q -
(Hz at 60 tßt?,)

HAIOûEN ao a* ae

T

c1

Br

ï

12.72

10" 38

o a,A

7. 56

5"22

lr'.æ

3"78

0

0

0

0

After the additlon of a staekina parameter, A' , (which is
- nlt

the Aie-iy value for benzene as solute), the solvent shift for a
'6u6



)4

polyhalobenzene with no ortho hydrogens wes earculated uslng the

fol}owlng equation

A::iÍ = Ta"* * a,o 
^

(rrr-4)

For exampì-e, eonslder the ASIS of H4 ln 3rJ-dichlorobenzene. One

calcuÌated arn4) = o.!?3 + o.t?3 + 0,062 = 0.408 ppm. The observed

value of A(H,r) is o.l!l ppn.
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Co THE I'f ECHILNISI{0F BENZIT-NE-INDUCED S0LVþlì''lT SIII}-1S

tho nature of the speciflc lnteractions, o" r has beon r.rldely

dlscussed (5, 9)" The sinplest and most convenlent model posits a !t!

associatlon betv¡een solvent and solute noleeules. The valldlty of the

nodol rna¡r be eonsld-ered in terms of the following pointss 1o the nature

of the ii:teractlon (the relatlve orientation of solute and solvent rnole-

cules in the postulated eomplex), 2. the stoichiornotr¡r of the lnter-

actlon, and J, tho strength of tho coll-lsion complex. Eaeh of these

points is discussed briefly ln this section"

lo rhq-Nglqre ql*lLeJaleres!¡*å

For polar alkyl and vinyl derlvatives es solu.tes, the rnagrrltudo

^ neopentaÌ1e
of A¡"r.r"rru evldently depends on the rnagni-uude of the molecular

dipole moment as r+ell as on the molecular volume (Figure 3). Schnelder"

(2t) tnterpreted these resul-ts ln tezrns of a dlpole-lnduced dipole

lnteraction, leading to the solute-so1venl" orientation deplcted for

acetonltr"ile (Flgure 4)" this rnodel seems reasonable because benzene

is more polarlzable in the molecular plano than nor¡nal to 1t ( o, =6" 35 î3,
n?o¡ = !2.3 X') (aa); further, a close approach to the soluto nolecules

can be made 1n thls configu.ratlon" In the orientation sho¡,m L'elo"¡, the

rnethyl group is shielded by the rlng currents of benzene, thus the

large posltive A valu* of 0o9k ppm is aceounted for. .â,lsou notice that

the benzene solvent rnoleeules 1le relatively far from the reglon of

high electron delrslty ln acetonltrile.
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Using thls model, Sehneider ¡sas unable to account for:

1. AEl.å',z for the ring protons of the non-dipolar

solute, p-benzoqulnoneo i-s 0.50 ppm;

^ n c6Hrz
2o ACárA values for tha rlng protons of anlllne and

NN-dinethyÌaniì-ine, are negative.

n_ Nl
\J-¡\

€

Figure 4. Interaetlon of Acetonitrile with
the Benz,ene n -Eleetrons.

n\
H.-.b

ø
H

ASïS resul-ts ( A3:3þ values) tor aromatic aldehydes, lrere

ratlonalized by Kllnck and Stothers (50) ln terms of a speelfic solute-

solvent lnteractlon in v¡hieh tho site of association is governed by

the electron dlstrlbution ln the so,]-ute ruolecule (see Fi-gure 5).

Notice that the benzene solvent appears to solvate electron deficlent

sltes 1n the solute moleeule.
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(b)

Figure J. Schematie representatj-ons of a possibl-e solute-solvent inter-
action for substituted benzaldehydes 1n benzenet (.) electron-
withclrawing substituent, (b) electron-releasi-ng substituent.

It has baen suggested that a benzene mol-ecule interacting with the

partial positive charge of a local dipole will probably be oriented in

a nonplanar ilcollislon cornplexff so that the benz,ene ring lies as far as

possible froin the negatlve end of the dipole (51).

Assuming a nonplanar rrcol-lision conplextf - Rona¡rne and hiLliam,s (51)

claim to understand. Schneiderrs ASIS results (Zt) for p-benzoquinone and

NrN;dimethylanil-ine w'ith the aid of the diagrans shoi¡n below (XIÏ-XIII).

(')

á@/.--\ óo¿eO{ >.:O ós\_ //
@-

o-1:\o

^ì:|*r\ \\ \-\-x'----Èo \\ \\\-2VV

XII.B

u*,.-cHt
Nt.,r,

XÏT-A xïI-c xIïr
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The literature abounds with diagrarns sueh as these. For example,

Ledaal (J2) has measured ASIS valu." ( A::i1 I t"r approximatety 80
"6"6

different solutes and proposed a geometry of the ltcollision complexrt

for each. The proeedure here is to calcu-late the ring current shlfts

( A values) using the Johnson-Bovey tables (40) fo" different relative

orientations of an isolated pair of solute and solvent moleeirles. The

orientation which gives best, agreement between calculated. and observed

ASIS values is then proposed as the geometry of the rreollision conplexrf.

Hor^rever, Baldwin (53) fras pointed out that five parameters are required.

to define the coordinates of the assoej-ating moleeules. Thus for a

solute molecule where less than five different ASIS values are available,

there nay be many different geometries r.¡hich will sinultaneously fit

the experimental results. Therefore the majori.ty of figures purport,ing

to illust,rate the relative orientations of solute and soLvent have no

physical significanee. Even if five different parameters can be

asslgned, it is ridlculous to lsolate one solute and one solvent molecule

and to calculate their relative geometries. Surely rnore than one benzene

solvent mol-eeule Ís situated in the im¡nediate vicinity of a solute

molecule,

From tho foregoing discussion it should be evident that at present

there is no easy r^ray of deterrnining the geometry of a simple ü 1: 1

eornplexrt. Also, it seems that the n -elouds of the benzene molecules

tend to tfsolvaterr electron deficient centres. Having established that

charge effects are important in determinlng the magnitude of the ASIS

it ls of lnterest to consider the sterlc effect.
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If the approach of solvent rnolecules to a solute proton is

lnhlbited by steric effectsr one expects the 'rsurface protonsil of the

lnternal reference (usually tetramethylsilane) to Ue affected more by

the o" and/or orn terms of a given solvent than the sterically hindered

protons of the solute; i.e., the sterically hindered protons have an

environ'nent r,rhich approximates more nearÌy that in the gas phase.

Í'herefore, as the environment of a given solute proton becornes nore

sterically hindered, relative to internal TMS, benzene is expected to

eause an apparent downfield shift of the solute proton (largeì-y a oa

effect ).

To test these predletions, severaL authors have studied the

benzene-induced solvent shifts in various a1ky1 substituted benzenes

(!+6, 5!+, 55, 55) .

Diehl (46) nas observed that the nagnitude of ASIS is reduced

by a factor of 0.7 for the ring protons meta or para to the substituent

in mesitylenes and durenes compared with the monosubstítuted benzene

derivati-ve.

Willlans et al. (J4) have studied the ASIS of the aromatic

protons of benz.ene, 1,4-dimethylbenzene, 7,3, S-Lrirneth,ylbenzenei 1,4-

di-t-butylbenzene, I13,5-tri-isopropylbenzene, and I,3,5-Lri-t-butylbenzene

(Figure 6).

WiÌson and Will-iams (55) have eornpleted a thorough study of

eharge and steric effects by studying the temperature dependence of

toluene-induced solvent shlfts of varj-ous polyalkylbenzene dorivatives.

They found that with electron-donatinq substÍtuents (NHZ, NMe2r and oMe)

l¡hen the prineipal site of rrassociation'r is thought to be in the region
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A
(pp')

o"10

c6Htz

c6D6

oco

-olo

1-Pr

o

t-hìcH3 1t¡ t-Bu

ö rA¡ 
'Av v cH,J\Åcu, vrr? t_Bu t-Bu.

,-r"ö,-r'ö
t-Bìr

Figure 6. ASIS for å.lkyl-Benzenes (ppor)

of the substituent group, a.ppreciable inhibition of .associ¿.tion*

appears to occur if there is steric inhibition of 1 -eì-octrcn donation

by the substituent group. inlith eleetron-r..ithcìr.awing substituents (NO,

and Br) r^¡hen the principal site of association is thought to be o.,¡er

the benzene ring, the solvent shifts of the aromatic protons clecrease

in magnitude as the apparent steric factor increases. Also, ít was

eoncludecl that sofvent shifts are frequentJ-y surprlsingly insensitive

to sLeric faetors.
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Nomura and Takettchi (56) have recently di-seussed the benzene-

índuced solvent ôLì r+ - A c6[tz
shifts, A CfOr; of monosubstituted (poly) methylbenzenes

ln terrns of collision complexes of the general geonetry proposed by

Rona¡me and Willians (57). They conclude that for eleetron-donating

substituents (complex XIV), the geometry of the cornplex rernains unchanged

bJ' the presence of rneta and para methy-I groupso

,/-x, .,tcHt\J"i.*,
XÏV

For electron-withdrar,ring substituents, they suggest that formation of

a complex of geometr¡. (XV) v¡iII be nade C-iffieu.lf. hw f.he nr csonss sf

nethyl groups regardless of their þosition.

Isszlo has stated that the interpretation based on s't,aric

hindrance is erroneous (5). For examplo, Connolly and I'icCrincfle (t5)

have shor^rrr that the protons of the gerninal methyl grouos in the trieycl.ic

ketone (xrf) have appreciable sol-vent shifts ( A :o:t3 = 0.13 and 0.14 pprn).
v6u6

CH¡

xv

cHc
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A study of models indicates severe sterle hindrance to the apÞroach to

the solvent to the rear of the carbonyl grcup. I¿szl-o concludes that

the sol vent shift aÞpears to be charactoristic of the precise geomet-

rical positicn of a glven proton, cr methyl group, with respect to the

carbonyl group, lrrespectivo of the steric environ¡rent of the former or

the latter.

The author of thls thesis feels that steric effeets ere

important in certain extreme cases but that in general they are small.

Several workers have partly raisinterpreted their experimental rosults

by ignoring the charge effects. For. example, consider the resrilts given

in Figure 6. Since the methyl group is electron-donating (Han'nett o *=

-0.069 and op= -0.170) one could argue that the'r n -electron cloudtl

of the be¡rzene soìvent r,ioiecule'uencìs'r,o â-v-oj-cì tfso.l-vatiägrr the r"ing

protons of 1,4-dimethyl-benzene relative to benzene. Since the t-butyl

group ( o*- -0.100 and oO= -0. t97) is a stronger electron-donatíng

group than the methyl group, a similar argument could be userl to

rationalize the observed decr.ease in A for 1r4-di-t-butylbenzene relatlrre

to 1, 4-dimethylbenzene.

Schr+enk (36) tras attempted to illustrate the steric ef'fect

fron a plot of the solvent shift, A , for þ in 1-X, J,4-dichlorobenzenes

versus the van der llaal-s radius of the substituent X, where X = Fo Clo

Br, and ï. In the opinion of the author such a plot is meaningless

since the sol-vent shifts of H, are not lndependent of other substituent

properties such as electronegativity.
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2u Tl1e Stoichj._cUe_try qf' ._the fnteJa.etioq

It :ì.s assunied (JB, 59, 6C) that the stoichÍoretry of the

benzens-soluie coll-ision cornplex is 1 ¡ 1. The observation that the

solvent shift of a given soh:.te at va,rious concentraticns of benzene 1n

an lnert solvent is approxirnately proportionaÌ to the mole fraction of

benzene is consistent ivith the above assumption. Hor¡ever, a linear

relationshlp betr,reen A ancì concentration of benzene is not a proof

of coniplex formaticn (ó1). Rona¡me and'¿Jill-iams (52) point out that

both aroinatic and polyfunetional aliphatic sc¡Iute molecul-es may undergo

solvation by benz,ene at many sites ancl .¡et A wout¿ st.ill be propor-tion-

al to the mol-e fraction of benzeue (added to an ine::t solvent).

Assuming the reversible equilibriurn,

solute 'f solvent F.J cornplex lrrr-<)

laszlc anci h'iIliams (62) used the dilutlor¡ techniqu.e of Foster a.nd

Fyfe ( 63) to obtain an e-quilibrium constant of K = A.ZOL!4 at 3jo C

for J a -androstan-1f-one in toluene" this vaÌue is in fair agreement

t¿ith the resu-'l-ts of an alternative tenperat.ure nethocl (see the next

section of this thesis) appliecì to steroj.ds of sj-milar structure"

The conclusion fron this section is that the dilution experi-

rnents cannot denlonstrate the existence of a ¡t1:1 comp'le;çtt. probabì-y it
is rnost reasonabls to assume a wide spectrum of aggregates, ranging

fron 1:1 in certain isolated cases, to sorrething best clescri-becl as a

solvent cageo The author of this thesis feels that in the case of

aromatic solutes l*'here charges rray be extensiveì_y de)_ocalized, it is
unreasonabÌe to ascrj-be specifj-c stoichicrrletlies and geometries to the

ínteraction of solute ancl soJ-vent.
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3 " 
The gtreneth gl the tfCollijion Conplextr

By assuming a translent 1:1 association one can obtain

therrnod¡mamlc parameters which give a measure of the strength of

benzene-solute interactlons. Since the energi-es of the unassoclated

solute and the [complexrr would be expeeted to dlffer, tho equilibrium

(Frquation lrr-5) r,¡111 be temperature dependent. 0n the basis of a 1:1

rfcomplextt, Abraham (4e) rr"" developed a method by which enthalpy and

entropy of fonnaticn together r-i-th the eo¡llibrium constant of the cornplex

may be approxinatecl. If a fraction P of the solute is conplexed at a

temperature T , the equilibrium constant, K , for a dilute solution is
given by,

(rrr-6)

The value of P

l(=
1 -p

is calculated frorn the expression

r¡here v, is the chemical shift of the proton i-n question at
,nr , and v" and vo are the chemi_cal shifts of that proton in

complex and the complex-free solution resÞectively. Since

(rrr-? )

ternperature

fho nrr¡a

K = exp ( as/n )u*p ( AH/RT ) (TII€)

a pl-ot of Ìog K vs. tlf shoulct be linear r,rith a slope of - 
^H/R

and lntereept AS/R .

ïn thls procedure, the position of the resonance in an

ninertil solvent ls taken to give vo , and is arbitrarily taken ¿s zoro¡

thus simplifying ea.uation (rrr-Z). Estirnates of vc are made by meas-

ur5-ng vT as a function of ternperature and extrapolating to ooK. At
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thls tenperature it is assumed that all of the solute moleeules are

complexed.

The results obtained by several authors (5, g) lndlcate that

the enthalpy of forrnatlon for the benzene-solute interactlon 1s of the

order of 1 Kcal-/mol-e.

The slgnificance of the therrnodynamic parameters obtained 1n

thls r*ay has been questioned in vlew of the assunption of a 1:1 collision

complex, and of the gross approxlmations lnvolved in the calculation.

Tho observed temperature dependence of A night after all be aceounted

for by a slnple paclrlng effect, At low temperatures the benz,ene solvent

molecuÌes simply move closer to the solute moleeules in a morê ordered

fashion. In any evont the procedure of Abraham is useful in establlshing

the r"eak nature of benzene-solute interactions.
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DO CONCLUSION

In thls chapter, tho model of a 1:1 dipole-lnduced dipole

cornplex has been presented. Thls slrnple model has been successful- ln
provlding a qualitatlve understandlng of most of the reported e>perlmental

results. It has led to several interestlng new e:çer5.rnentso whlch have

provlderL addltlonal qu.estlons to answer and it has suggested a nunber

of useful correlaùions. However, this model is too sinple to adequately

e>qplaln aIl experlmental ASIS resu1t,s. Laszlo concludes his revieÌr (5)

by saylng that the 1:1 complex nodel has done no harr¡n to selenee, but

that now it, is clearly obsolete, and a more sophisticated rnodel will

have to be eonstructed,

Although this chapter has been mai.nly coneernod with the 1;1

complex nodel, other models have been reported. They have been adequately

revlewed ersewhere (5, g) with the exceptlon of the modeÌ of Matsuo (64,

65)" fle suggests that the attraetion between solute and solvent rnolecules

ls due to the van der waars interactions and partly to the charge-

transfer lnteraetlon.

The follo'*1ng surunarlzes some of the irnportant empirical

observatlons coneernlng .ASIS:

1" Renarkable additlvity.

2. 0n a tlne averege, the benzene molecures tsolvater positive

eentres, avoiding tho negati-ve eentres of the solute.

3. If associatlon oceurs bethreen one molecule of solute and

one moleeule of sol-vent, tho lifetlme of sueh an association

is very snall-u eertainly nuch smal-Ier than 10-2sec"
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A" MATERI¡.Iå

t r2 13 r4-tetrarnethorybenzene, I r2 14 uJ-tetrametho>qybenzene, and.

pentanetho>rybenzene ürere obtained from Dr, Arnol-d Zweigo Amerlcan

cyananld company, stamford, connectlcut" A1l other eompounds used in

thls study were obtalned from the following eompanies: (1) ltarich

Chenical Co,, Inc.; (2) Ansul Chenlcal Conpany; (3) Coturnbia Organic

Chomlcals, Co., fnc.; (4) Eastman Organle Chenicals; (5) K & K l¿bor-

atories fnc.; (6) Koch-Light laboratories, Ltd.; (7) Matheson, Coleman

and Be1l; (8) Merck, Sharp and Dohme, Ltcl.; and (9) pterce Chemical

Cornpany. They were used wlthout further purlfieatlon, since any peaks

due to irnpurities r¿ouId have been easily reeognised.
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B. PRBP/IF-ATION 0t' SAì'IPLES

Tho eompounds uere normally prepared as J mole f solutions 1n

benzeno - d5 and cyçlohex.ane. In the case of 2,6-dinetho>qrLoluene,

1r2-dimotho>qybenzene, 2, J-dlchloroan1lÍno, and 1,3-dichlorobenzene, J

mole ft solutlons llero required to ald the spectral analysis (the signal

to noise ratio r¡as increased). Approxirnately ? - 11 drops of tetra-

methylsllano (fUS) was added to each sclution as an internal reference.

The sarnplos were eontained in glass tubes of 4 mm" j-nner dlarneter, and

J nnt" outer dlameter, Al-I solutíons uero degassod on a vacuum line by

the freeze-pulnp-thai¡ technique.
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CO I'ÍEASURE}ßNT OF SPECT}ìA

The spectra Ï¡ere measured and cellbrated by perlod averaglng

in the frequency sweep mode of elther a Varlan DA-óO-I or a Varian líÀ-

100 spectrorneter locked to lnternal Tl,fS. the spectra were recorded at

elther 0"0J Hzlsec or 0.02 Hzf see. the temperature of the sample r.ras

28,5 ! 1.0o C as determined uslng an ethylene glycol sample and a ca1-

lbratlon graph of lnternal shlft versus temperature, The spectrum of

each sample was maasured and caLlbrated at least four tines. Ttre peak

posltlons found by thls procedure were almost always obtained w'ith a

preclslon of botter than 0.05 Hz (at 60 MÍz).
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Do .Ary$jI,YSIS oI SPECTEå

l,lost nontrlval spoctra were analyzed with the alci of the

IÁOCN I prograrn (660 6?) on an lbl"l 360/65 computer. fn some cases J-

spln systems ."-er6 analyzed using LAOCN J as well as the nethod of

CastelLano and l^"augh (68) and Cavanaugh (69). The RMS eruors ea'lculated

by L{OCN J were a}nost always betr¡een 0.004 and 0"02JH2. In order to

coÍìpare e>çeri-mental and caleulatod spectra, coirputed speetral curves

were freo¡rently obtalned"

A brief dlscusslon follows of speetral types which presented

somo problems of analysis.

2. (Ðlgblclen:!--trc,benzone. In both benzene-d6 and cyclohexane

solutlons this conpound gives rise to a typlcal, deceptively simple

ABX speetrun (700 ?r) In which 2Ð- =Jab (at 60 }&lz)n that 1s, ( uA - ue)

= å(J¡X - Jgx). At 29.92 l,lHz the conplete spectrum conslsts of five

lines (72),at ó0 l'ffi2, seven l1nes, and at 100 lolHz, nine lines are

resolvable.

In analyzing such a spoctrum, one fi-rst attempts a hand-

analysls (70, ?t)" The coupl-ing eonstants obtained by this procedure

are then conpared r'rith those derlvecl by the additivity schema of Schaefor

et al. (f2) whlch ls capable of glvlng ortho coupling eonstants to the

neerest O,QJ Hz and meta coupllng constants to the nearest 0.09 Hz" The

parameter vA - vB can be obtained nost accuratoly by generatlng a

serles of calculated spectra (via LÀOCN J) and comparlng those with the

experimental spectra. The above procedure ç¡as used ln the casa of ZrJ-

dichloronltrobenz ene.
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2,3-Dlchl-orgnitrobenzene. In benzene solutlon this cornpound

glves rise to an .A,EC spoetnrm. The pa.rameters obtalned from analyses

uslng IAOCN3 anci Cavanaughts J-Spln Progran agree to t 0.01 Hz.

In cyelohexane soluti-on the spectrum of 2,J-dichloronltrobenz-

ene 1s À¡.t B [u {U4) = v (H6)] "t both 60 and 100 l"[lz. The spectrum

was analyzed as an A2B spoctrurn to obt¿in the cher¡icaL shlfts. Uslng

the coupling constants obtained Ln ttre benzene solution sever&i atternpts

trere made to obtain a set of ilbest values'r uslng the lteration option

of LAOCN J. It was not posslble to obtain a satlsfactory iteratlon.

1r2_J:llimethoxybenzene. The rlng proton spectrrln of this

compound ls eomplieated by long-range couFllng botween the methoxy-

group and rlng proton( s) (24- ?6)" Because of thts long-range coupling

the para r.1ng proion coupling was noi observable and r:as set equal to

0,22 (Jpara in 1,2-dimetho>cybenzene ls 0,22? Hz and Jpr"" Ln Zr5-dimeth-

orychlorobenzene 1s 0.226 Hø). the coupllng constants for thls compound

are probably accurate to the nearest 0, I ÍIz, A more accurate analysis

could be obtalned by studylng a more eoncentratod solution and by de-

coupLing the two ortho methory groupsc

2.5-Dfmetho{yehlorobenzgne. The spectrtrn of thls cornpound

lllustrat-es the important point that even though the ratioJU*/ O uAX

1s rnuch greater than teno one can not aLnays measure J41 dlrectly (first

order assuroptlon), In cyclohaxane solutlon, JOCHT, H, appears to be

approxlnately equal to 0. t9 Hz, whereas ln benzene this same eoupling

constant, ls approxlmately equal to O"26 Hz" Slnce thls long-range

coupling constant Ìtas expeeted to be equal- wlthln experimental error in

the tr¡o solutionso lt was declded to generate calculated spectra (vla
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LAOCN l) whlch r^¡ould lnclude the Long-range coupling, Brlefly, the

long-range coupLlng constant JOCH3, H3 1= apparently smaller ln rnagnltude

1n cyclohêxene because the protons H3 and H4 are more tightly coupled

1n the cyclohexane solution than 1n the benzene solutlon.

2.6-nfrnetnoxÉofuene. The eccurate analysis of a ) mo\e fi
solution of thls compound 1n cyclohexane was attempted, however it was

not posslble to decouple the methyl group ¡uithout ItJurnping locko. Uslng

a J nole $ sample, the signal to nolse ratio was slgnlflcantly lncreased

and the centres of the broad ring proton transltions v¡ere all determlned

to a preclsion of less than 0.06 Hz. The spectrum hras then analyzed as

an A2B spectrum"

2 "6-Diehlo:oan11!n e -4nd ? o 6:dlbrornoanlÌine. Solutlons of

these conpounds 'we¡'o analyzed as A2BX2 speetra (?? , ?8) "

2.5-Dlchloroanlline. The 100 MHz spectrum of this eompound

ls an excellent example of an ÀBX speetrum 1n whlch vA - uB z

å(J¡C - J¡C). In thls ease the AB reglon gives rlse to flve llnes

instead of eight. The two combination llnos in the X region of the .A,BX

spoctrun appear outslde the X quartet at 100 l4Hzu and w'lthin the X quartet

at 60 Y'J12. the position of these eomblnation Ilnes depend.s critically

on ( ,À - vg) and (J¿:C -JgX)o thus lt r¡as of lnterest to deternine

whether eonbinafion lines eould always be dlstlngulshed from X Ilnes"

Several calculated spectra were generated by varylng u A - uB and

and keeping JAX and JU* flxed; it was shorvn that it is not always

possible to distlnguish between T llnes and comblnatlon Ì1nes vi-a

LAOCN 3.
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. A 5 mole S sol-ut1on of veratrole

ln benzene glves rdso to an AÀtBBt spectrun ln whlch tbe chemlcal shlft

dlfference, uo ôAB 1s 9. )L+ Hz at 60 MHz, tha two protons which are

chenically equlvalent and ortho to the nethory groups glve rise to peaks

r,¡hlch are broadened by long-range coupllng to the metho>y group. The

results of Grant, Hirst, and Gutor^'sky (?9) were of great assistance ln

thls partleular analysis.

The complete ring proton spectrum of a J mo1e f' solutlon of

o-C1¡nethoxrybenzene in cyclohexane consists essentlalJ-y of a trlplet ln

whlch the lntenslty of the central peak ls much greater than that, of the outer

two peaks. The outer trrc peaks of thls triplet are seperated by approx-

imately 7.! Hz at 60 MHz; thus all four ring protons &re practically

ehenlcalty eculvalent. Slnce the hlgh-field poak of the tripJ-et v¡as

rnrch broader than the lor,r-fle1d peak, lt r+as assumed that the protons

ortho to the methory group resonate to hlgh fleld of the other two ring

protons. By uslng tho eoupllng constants obtained from the analysis of

the benzene solution, ealeulated spectra were generated vrith dlfferent

values of the chemical shift dlfferenceo uo ôAB, until a reasonable

fit was obtalned" It rnas found that uo6.AB= 1.40 t 0.0J Hø at 60 }fi{2.

n-Diehlorobenzeng. The 100 MIIz speetrum of a J mole / solutlon

of n-dichlorobenzene ln eyclohexane 1s a tlghtly coupled A2BX spectrum.

LAOCN I was used to ald ln the analysls of this spectrum.
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EN EXPERI}üNTAL ERROR'S

The author of thls thesls feels that the chemical shlfts

obtalned for the protons of any glven sample he prepared are reprocluclble

to better than t 0.2O Hz (at 60 løIz). thls error ls largely due to

callbratlon techniques and ls negllglble eompared to the errors caused

by dilutlon shlfts.

.1 " Tl{S Dilutlon Sh![!

,- &o In benzene soluüLene. In benzene solutions, onê expects

the chemical shifts of solute protons shlch experlence large ASIS values

to depend on the concentratlon of TÞlS added as reference to the benzene

solution. 1o measure thls Ti"lS dll-utlon shift a I moì-e fi soì-ution of

213r5o6-tetrachloronitrobenzene was prepared" The solvent shlft for

the proton H4 in this solutlon is approxlmately 62 Hz at, 60 1,ffi2. Fron

the slope of a plot of chernlcal shlfl versus the number of drops of TMS

added to the I mole f solution mentioned above, a TMS dilution shlft of

approrC-nately 0. t? Høldxop of 11(S was calculated. Since TMS may be

consldered an rrlnertrrsolvent slmllar to cyclohexane, the TlfS dllutlon

shift is proportional to the benzene induced solvent shlft, A32i¿'"

one could easlly correet observed L i!i¿' values for Îi¡us dilution

shlfts 1f the exact number of drops of lMS added to the benzene solution

were knor+n" Ho¡+evero assuming that 7 to tI drops of TMS were added to

each benzene solution, the calculated Ty.S dilutlon shift for any glven

solute proton ls 2.¿¿6 t 0.55 ñ of lts benzene-lnduced solvent shift" In

concluslon, observed ehemieal shifts of solute protons in benzeno sohrtion
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are to lor¡ fleld of thelr nrealn ehe¡o1ca1 shift values lf L'rlif
is posltlve, and to hlgh fleld of thelr mrealto ehomlcal shlft values lf

n Cl-Htl ./\nY#'ls negative. The TMS dlIutlon shlfts could have been adequately
- -0"o

aceounted for if a standard stock solution of TI'{S and benzene - d6 had

been used throughout the study.

b,' ln gv-elohexane solutlons. Sinee both eyelohexane anci Tl4S

are rrinert,r solvents, the chemical shlfts of a glven proton do not change

slgnificantly whether 7 or 11 drops of lMS are added to the cyclohexane

solutlon'

2 n Inflnite _Dilution Chemical S

Because of the Importance of solute-solute interactionso lt

ls ofton deslrable to ¡neasure the ehemical shift at several coneentratlons

and extrapolate to lnfinite dllution" The lmportanco of solute-solute

lnteractions for 3 nrole f solutlons wll] be brlefly mentloned.

ai Eenz.oJre solqb:ions. From the work of Kotowycz (80) lt ls

evident thet dllution shlfts nay be as large as 2.? Hz at,60 MIz for

the protons of substituted benzen€s on golng from a 3 mole f solutlon

to lnflnite dllution in benzene. For example conslder the solvent and

dlÌutlon shifts of 3,J-dichlorosalicylaldehyde (TaUle VI). A posltlve

dllution shlft indlcates that the observed solute chemical shlfts in

J rnole S benzene solutlon are to low field of thelr chemical shlft

value at lnflnite dllution 1n benzene.

In ordor to be ablo to predlct the rnagnitudo of lnfinlte

dllutlon chemlcal shlfts, one rmrst knor.¡ something about the solvent

proportles of the solute. Schneider (2t) and Schwenk (36) have studled
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TABLE VI

Solvent a lution Shlfts fo Dlehlorosal-1

Solvent Shlft

x=A irå¿, ,;1fiqft
D[Iutlon Shi&

ï= Chem. Shlft at Z.Jnol.e,fi
ln benzene - Chem" Shift
at inf. d11. in benzene

(Y/x) " roo

HIü

H6

Ai-dehyde
Proton

PhenoI
Proton

26.3t+

53"76

60. t8

3,&

0.60

2,7O

2.64

-0"96

2"28

5.ø7

4"38

11.10

the solvent shlfts of tho solute benzene in various substituted benzene

solvents, Tab1e 1III surunarizes some of their rosuLts.

TABLE lrfI

Solyqn! Qh:L:[!s-ql Benaeqe ia-Varlouç-fu-þ tituLed Egaz-ene Sq].v-entq-(Ha__a.f, 6O l {2.)

Solvent - X,

Cyclohoxane
Benzene - d6
Ilexafluorobsnzene
L r2 r3, 4-Tetra fluorobenzene
! rZ o L-Trtchlorobenzeno
2, J-Dichloroiodobonz ene
Nltrobenzene
N, N-Dlnethylanlì-ine

^ 
x 

'bun""n")+A cyeloh.**rr" \

0.00
3"72
1.68

-3.06
-t,?6
-2"61+

*72,9o
2,40

* ^XAcyclohu*.rr"(b"tzene) = (ehernical shlft of benzene) - /ehenrleal\1n cyclohexane solution / \benzrne
shlft of \ln solvent,/
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Schr¡enk (36) observed that, the solvent shlfts 1n halobenzono solutlons,
x

A"ycfon.*.n"(b"tzene) were negetive except for hexafluorobenzene and

pentafluorobenzene solvents" It is evldent that the polar halobenzene

solvents do not behave as the non-po1ar anlsotropic benzene solvent.

From the llmlted daLa given 1n Table Vl lt eppears that one

ggl be able to make a rrflrst ordelrr correctlon for dilution shlfts in

benzene by addlng 5ft of the magnltude and slgn of A!}:i:ilå*",o"(ob"erved)

to the observed solvent shlft, that ls,

ï:i:il:""n"(co*ected) = A ï:i:il!**,,.(ob.erved) +

n benzene
o. 05 l\ ;;;i";"*",ru(observed) ( rv-1 )

Notice that the 7\ben3e¡e (obsorved) value is the observed solvent
eyerone:{ane

shlft for a J mole f solution.

bo Cvcfonexane_ so.luttoq. Ths solvent shlft irnparted to a

soluto proton by suì:stituted benzene solvents ls not understood. Thus

¡¡lth the li¡nlted data avallable oven a first, order correctlon for lnflnlte

dll-utlon shifts ln cyclohexane 1s diffleuLt.

3 " funlmaru_olExperfuqqnta1.Errotq

In order to lllustrate the tmportant e:cperiment errors discussed

ln thls seetlon, a speclflc example wtll be considered. the observed

benzeno solvont lnduced shlft, A'r!ir¿'(3 mole f solutions contalnlng

g ! Z drops of Tl'fS) of proton H4 in 2rJ-dichloroanlllne is ebout,25 Hz

al 60 Iú12" The d1Ìution shlft 1n cyclohêxane solution for H4 was found

to be C.!0 Hz. Assuning nlne drops of Tl'fS were added to the benzene

solutlon, the calculated TMS dllution shlft for H4 ls 0.60 fl2. The flrst,
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ordor correction for the dilutlon shift error of H4 ln benzene ls 1.2J Hz"

Figure I surunarlzes these contrlbutionsu For thls partlcular example,

the corrected ASIS is appro>drnately LI fi larger than the observed va]ue.

Although thls estimated experimental enor 1s large, the follor.rtng

points m¡st be conslclered:

so the lMS dilution shift eruor ls a systematie eruor,

C}Hn/corrected for lMS\
C5D5, \dilution shlft ) = 0.0246 t o.oo55 nSfiirfobserved)

+ [ c6Hre¡ou.erved) (rvæ)
"#6

Cr

The infinlte dllutlon shlft errors ln benzene appear

reasonabl-y systematic (see equatfon (IV-t)).

Although thei:e 1s a laek of ex¡rerlmental datao the inflnlte

dil-ution shift eprors in cyclohexane are nrobablo falriy

systematle.

The e4perinentel errors in the ASÏS values measured in thls

study are reasonably systematlc. For exanple, eonsider any two observed

.å,5IS values, X and T, which have experimental errors of p and 12 $ oî

their respeetive observed values. When comparing the ASIS values of X

and T, the total error in this com¡:arlson is not 2L fi, but 3 S; that is,

the experlmental errors are approxlnetely systematic since the observed

ASIS varues are always greater than the eorrected ASrs values. The

author feols that any conclusions nade by compa.rlng ASIS values wlLl

not be strongly influenced by experlmental errorsc

b"
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In TabLe !rIII the proton chernical shlft(s) (Hz to lor¡ fleld

of lMS at 60 I'lHz) of JJ substltuted benzenes in C5Hr2 and in C6D6 are
n CAH,C

glven, along r+ith thelr A CZrä" values. For convenience all- solvent

shlfts discussed 1n the remalnder of thls thesls are tn Hz at 60 t{dlz"

Since Schrvenk and Richardson (36, 81) and Nonrura and lakeucH (56)

have nade the sane neåsurenents under slnllar e>qgerimental conditions

for several substltuted benzenes not ineluded 1n Table Io their results

rslll also bo eonsldered 1n thls thesls. their results are glven ln

Appondlx I"

fhe rlng proton-rlng proton eoupllng constants measured by

the author are reported and brlefly dlseussed in Appendix ÏI"

In Flgure B, the observod and calculated (rlng) proton spectra

of a J mol.a dp solutlon of ZrJ-dirnethoxychlorobenzene in cyelohexaile ar€

glven.



( t) 2,4-Dlchloronltrobenzene

TABLE V]II

Proton' Chemlcal Shlfts of lEbstltuted Benzonos

t..(Hz tg_Lo; Fietd gi_Tr'fs at éq_MHz)

COMPOUND

(2) 2o J-DichÌoronitrobenzene

3) Ju 4-Diehloronitrobenz,en€

(4) !,2,L-Trlmethoxybenzene

PROTON

H3

tt
IL F)
Hz--o

1T

"3
H¡.rl+

Ê/--o

tr2

11

'^5

H,"b
It

'^3

lt--)

H5

IN C5H12

t¡4$.$93

434"93?

M3"zo5

440"33

439"??

464.56

495"24?

t+t+g 
"364

4lB.oB3

382"82

374"æ

"oR 
2<

IN C6D6

404.0ó4

38?.760

4rr.99B

386.64

387,72

424"?5

46?.6?g

395.922

434"379

390.21

3?7 " 57

398.55

4 
c6Hrz

v6u6

U2" 5l+

52.A8

57.20

5).69

52.05

39,81

32.57

53"44

Lt1.?o

-7 ")g

-3.49

-0.30
o\\,)



Table VIII (eontlnued)

( 5) 2 ,l-Dichloronitrobenz,ene

(6) L,2,)-Trlmethoxvbonzene

COMPOUND

0) 2, J-Dinetho;q¡chlorobenzene

(8) l-ChIoro-ll-fluoronitrobenzene

PROlON

Ltl¡

Itñ )
Ha

H4

")
H,-'0

EIII?

1t

H5

l?,'2

l¡É)
H5

l1
Lt l,+

¡¡<

H3

tt
¡¡ 4

rN c6H12 rN c6D6 Aitå|'

(g) 2,6-Dimethox¡rtoluene

3 rnole fi in C5n5
5 mole ft in C5Hp

( tO) 2,6-Dichloroaniline

Ãf)_Lc t)

431"04

451. $
385.96

406" 56

385"96

4oo" I 19

)95.885

t+10"2fi

495.57

t+28"44

483.9r

382,22

4t6.42

382"?2

422"æ

3B7.tz

422.æ

402.)97

370. t3t

405.?30

382.94

4o9.85

382"94

J84. t57

393.088

416.408

46t" t9z

369.361+

437,530

lQT Qî

u22.29

38r.B3

þt1. oB

367.52

411. 08

t]8.75

6o"gt

45"42

3.02

-3.29

3.0?

L6.66

2.79

-6" Ls

34.39

59.æ

46.38

0.39

-5"8?

0"39

11.00

t9.60

11.00

o\F



Tablo IIJII (contlnued)

( tt) 2,6-Dibromoaniline

(tz) 3,5-Dichloroaniline

COMPOUND

(t¡) 2,J-DLchloroanltine

(J mote Ø tn ¡ott
C6D5 and C6Hrr)

(t+¡ 3,5-Dlchlorobenzaldehyde

PROTON

À¡?

Hr,

H¡Ä<

H2

Lt) t

??
Lt/

tt
ar3

Hr,+

n/--o

H2

¿¡lr

tl

o

"2

H6

TI"3

H<

tl

"6

(tS) J-Chloro-þ-bromonitrobenzene

IN C5H12

(te¡ 2,l+-Dlch1oroanlllne

434"00

)79.06

43&.00

382" ti6

398.22

382.116

4tg"B)

39t"6t

393"95

457.43

44B"Zz

t+57 "4j
493" t6
460"gg7

472"228

428"O20

4t3.320

3B7.Br?

IN C6D6

422"3r5

359,38

422.315

3fr.3t

398.52

358.1t

405.æt

381.765

369.88o

429.84

427" t8

428.84

46t. t7z

407 "694

428"618

t+?4.3O7

404.088

353,883

n c6ïn
u c6D6

11.68

79"68

11" 68

23"87

-0.30

23"81

t4. t5

9"85

24"07

?8.59

27"54

28" 5g

32.0O

53.30

43"61

3.71

9.23

3).94

o\t\'r



Table VfII (contlnuod)

(tZ) 3,5-Dlchlorobenzonitrtle

C0l'1P0UND

(tA¡ 2,6-Dlchlorobenzaldehyde

( tg) 1uZ-Dimetho>grbenzene
( 5 rnole Ø tn uott

C5D6 and c6Í.p)
(20) 1,3-Dlchlorobenzene

PROTON

(2t) J, J-Dichloronitrobenzene

tt
"2

Hr,
a

YI
LL/

o

"3
t?

^¡l r

"5
ll 11"3" "e'

¡¡rt t ¡¡<

H2

t1 tttrþt tt6

1t,t5

H2' H6

lir,

H2' H5

tl
ttlt

He

YIâ/"Õ

Ha

H¿

(22)' 3, 5-DlehLorophenol

IN C6H12

(23) 1-Bromo-2,4, J-trlchlorobenzone

+++. ))

'+.+(.y (

4l+lt"3S

434.72

43r" fr
+34"72

403.58

404.98

436, æ

t+26" 59

423"74

1'8,2" 56

45)"44

397 "25

4tt"Zz

445"87

456.33

t+43.14+

427.9t

(24) 1-F1uoro-2,4, 5-trlchlorobonzene

ïN C6D6

396"44

Ltog.ij

396.t+4

40)"02

386.14

bol,oz

398.927

4æ.271

425"82

407 "27

39t. t5

449,38

4r0.?4

) ()"oo

404.44

t+tz"Z7

424"71

409 
" 5t

389"t+8

Ac 6Htz
Q6

4? "gt
aQ Alt

'r(.>!

3t.?0

45.t+4

)i"70

4"65

-t"29

10"86

19"38

32.59

33" tg

42"70

23.59

7.28

33. to

31.62

33.93

38"43

o\o\



lable VIII (cont5-nued)

(25) 1-IocÌo-2 04, J-Lrichlorobenzeno

Itn6

(26) 2,6-Dichloro-J-nitrotolueno H4

H5

(27) 2,),6^TnIchlorotoluone H4

^5
(2S) 2,4"J-Trichloronitrobonzene H2)

H6

(29) J,J-Dlmethylanillne HZ, H6

Hp

(:O) 2-Ethyl-4,J-dimethylphenol H3

H6

(:t) 204,J-Trlmethylbromobenzono, H)

H6

OZ) Z,4.J-Trichlorotoluene H2)
ll

'=ó

ß3) 2,4-Dichloro-J-ethy1-3-methylphenol H6

Methyl

COllIPCUND PROTON

iì3

rN c6t{12

t144")z

469 "zj
444"37

4)6")!

425" 57

425.57

452"4)

47t+.A7

j66" 50

376,10

40t+.?2

38O"36

tt11 â^YIIoJW

tÐL a)

439.87

+) !è.)

403. o 1

145. 19

ïN c6D5

vtz"Tz

U+0"90

4oo" 69

)92" 53

399"98

399.98

400"02

424.96

)62" 57

38r"34

408" l_7

369,55

400.50

433"47

424"20

403.26

396.46

135,2?

ñir"o"Õ

3r" 55

28"33

43"&3

4).78

25" 59

25" 59

52.41

49"r!

3.93

-5"24

-3"45

10"81

10"80

-2.44

15"6?

27 "99

9"22

o\
-\)



labIe irIII (contlnued)

0t+) 2, 4-Di ch 1o ro -J -ethvl -J-rnethylph enol

3 5) 2,4, 6-Trirnethoxyt,oluens

l^/\ ^ t. / Ã '(16) 2o4oó-Trimethylaniì_ine

(3? ) 2 , 4-Dibromo-3 n 6-Dichloroanilino

(38) I,?,4.J-Tetranethylbenzene

þ9) 2,3, 5,6-letrafluoroanisole

(40) Pentamethylbenzene

(411) 1"4-Dibromobenzene

(42) !3, 5-Trirnethoxybenzone

(Lt3) 1,305-Trifluorobenzene

(44) !u2,3n4-Tetramethylbenzene

(45) 2,3, 5o 6-Tetre-fluoroto] uene

( 46 ) IoZ u3 o5-Tetranethyl.benzeno

(47) 4-Chloro-2,3 u 5- trinethylphenol
(1.5 moro f, in CrH,o3
3 nolo fi rn crni)"

(48) 2,4,í-Trlchlcrotolueno

c0t'iPoulJD PROTON

TJLt/
Õ

Methyl

tf lt
r¿e t rr{-)¿
ll lr"3"'5

t¡,L r')
Yt Itr¡? t rrÁ

J

Hr,+

"1
?t lt t1t,zo tr3, tt 

5o 
,'6

tl f? ?tr¡ttr¡rtt¡¡Â
çYV

'^2' ''+e"6

H",HA
)v

rllr+

Hr, o HÁ.
av

1tñ.-'ô

rN c6H12

40t.92

735. æ

359.?6

395"9t+

4t+4" $
405"43

394.59

400.35

4.33.96

35?.65

389.95

405"07

t+oj.6j

407. 13

380.03

IN C6Dó

3,a2" 52

12i"42

368.39

t+oz"84

422"8?

4t0,67

360.4r

407 "24

409"o3

372.22

3ß.42

4r2"95

374"12

405"39

354"U+

ñtt
A "6"12
¿-ì^ ñu6u6

9.40

74"26

-{f o oJ

-6"90

27.28

-). ¿.+

34.18

-6"89

24,93

-t.+" )(

2t" 53

-7.88

29" 57

-4,26

25" 59

lJ aI 1,.ô ^^njrn5 +)¿cvv 4t6" tg r < Ar s



Tab1e \EII (contlnued)

(49) 2,3, 5,6-Te'urafluoroaniline

(50) 2,3,5,6-Tetra.fluorophenoì-

( 51) 2 ,3 , 5 u6-Tetrafluorothiophenol

(52) 2,It,6-Iriehloroaniline

$Ð !,2 o3o4-Te'L,ranelho.rq¡ben""nuo

$4) !12,4,5-letramethoxybenzene*

(5Ð Fentamethoxybenzenoo

COI"PCUND

Inert sol-vent used rqas carbon tetrachlorlde lnstead of cyclohexano.

PROTON

H,,

H,,
Y

LLI t*
r¡qe¡¡(

H.aH6

HquH6

d¿"'b

IN C6i{12

3?4"29

387 "67

402.09

424,æ

1R(, 2

"R< 
R

370"2

IN C5D6

352.02

)57 "38

360"61

411."35

?92 Ò2

389,77

368.92

¿¿õ¿/

)v.L>

41.48

13.))

)oê

-4.0

1"4

o\\o



FÍ-gure B, 60 lttz experlnental and calcuÌated rlng proton NMR

speetnrm of a J mole fl solution of 3rJ-dinethoxy-

chlorobenzene Ln cyclohexane. The experlmental

speetra were analysed wlth the aid of the LAOCN 3

progranme using an IBM 360165 computer. The final

calculated points of coordlnates v . and ï, r"-ere

interpolated by lorentzlan curvos uslng a Calcomp

562 graph plotter.

The rms error betr.¡een ex¡rerlnental and caleulated

frequencios rras 0"0t2 Hz.



f*- 5.0 Hz *l
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A. ADDIÎIVITT

.A,s already rnentloned, Dlehl (46) r¡as demonstrated the add-

ltlvlty of ASIS for dlsubstituted benzenes.

In dernonstrating addltivity of ASIS for trlsubstltuted ben-

zenes the obsorved ASIS value of any glven proton 1s dlvided lnto contrl-

butlons fron the lndlvldual substituents. Slnce DiehL (116) observed

departures from eddltivlty when substltuents were accumul-ated in adja.

cent posltions, the ASIS values of L,2,J-substltuted bonzenes were not

used 1n the derlvation of lndividual substituent contrlbutions in this

study. The calculated ineremental benzene solvent lndueod shlfts of

several substituents are glven 1n Tab1e IX.

T.ABIE IX

fncremental- ASIS i_n tho Benzene Series (Hz at 60 ffid

substltuent x AÏ Ax A x
-o -m - D

NII2 l+"41+

-0. t+4

7.30

6.10

3"6t

2,6!

1.14

?5.37

17.73

-6" !2

&"7!

-7.77

13,96

L5" t3

7t+.50

1.4.40

31" 53

34"39

å.20

-t.?4

!.07

t2"?3

15"88

t7.73

14.08

30"85

33.3r

cH3

ofl

F

c1

Br

I

CN

¡þz
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The results of Nomura and Takeuchl (Appendix I) were used ln the derl-
n CHa nOll ¡ CN n Off

rratlon of l-\ )o /-\ , and l-\ values" The l-\ values are not

very rellable slnce thy are derlvod fron only three eompounds. This 1s

also the ease for the ACN r*lou". All other substituent eontributions

were derlved from several compouhds. It was not posslble to derlve

conslstent parameters for the metholf groupo

the substltuont lncrernents given in lable IX are in good qual-

ltative agreement with those derived by Dleh1 (ÎabIe III). It 1s of

lntorest to mention that Diehl used an exLernal- referenee ln hls study.

Uslng tbe substituent paraneters in Table fXu benzene-induced

solvent shlfts were ealculated for over eighty compounds. The observed

and ealculated solvent shifts of all trisubstituted benzenos whlch do

not have three adjacent substituents are compared ln Tab1e X. Notiee

that the results of Schwenk and Riehardson (36, BL) and No¡mrra and

lakeuehl (56) are also used 1n this comparison. The nean devlation of

the dlfferonees l¡etween 107 calculated and observed ASIS values is

7.J Hz" Since the solvent shlf'us of these trisubstituted benzenes vaz-Xr

frour -8.4 Lo 53"7 Hzo a t,otal range of 62.! Hz, tho mean devlation is

2,.4 fi of the total ranger AÌthough the addltlvity 1s reasonabJ-y good,

the author does not clalm that the substituent inerements qiven in

lableIX are unlque.

An apparently simple steric effect oecurs when a nltro group

and a bulky ortho substltuont are present. In the presence of an ortho

^ NOe
group, /\o u = 2!"0I Hz while 1n the absence of an ortho group,

These observatlons are consistont w'ith the cryst-

summarized by Holden and Dlckinson (82). It ls

^ 
NOu

^o 
= 13.59 Hz"

allographlc results



( t) 2,4-Dlehloronitrobenzene

CO}TPOUND

(2) 2,J-Dlchloronltrobenzene

ß) 3,4-Dichloronltrobenzene

ÎABLO X

PROTON

(4) l-Chloro-4-fluoronitrobenzene

It
'-ô

A(obs. )

42"54

52"æ

51.20

53.69

52"05

39"8!

)2,57

53.44

43"70

34.39

59.08

46"38

H

H"4

H,

A(ealc. )

lt,t2

ltñ"5

H5

1t
"2

ï{
)

H.
o

4r"61

53"88

47 J9

53. t3

52"05

35.87

35"87

53. tj
48.14

34.70

55"62

46"97

DEVIAÎION

0.93

-1.80

? Rr

0" 56

0.00

3.94

-3.30

o"3t

- 4.44

-o"3t

3"46

-0.59

{F



Table X (contlnued)

f r\\5) J,J-Dichloroenlline

(6) 2,J-Dlchloroanitino

CO}IPOUND

(Z ) æ-Clrloro-4-brononitrobenzene

(B) 204-Dlehloroanlline

PROTCi\l

,tD t tt6,

¡rl'
L+

t1

¡¿l¡
Y

H,

(g) 3,5-Dicblorobenzonltrile

A(obs. )

2? Rl

-0.30

14. 15

oÂ(

24"07

32.00

53.30

43"67

3.7 t

9.23

33"94

4?.gt

)8,64

A(ealc. )

H2

)
H6

at¡r?

H"(
Itrt/

o

23"9)

-0.98

12.80

10"72

23"78

35.24

52" t3

47.51

1.10

13"37

34.70

44.96

38.07

ÐEVIATION

-0. t2

0.69

1"35

-0. 87

0.89

-3.24

1.77

-3.90

2.6!

-4.74

-0"76

3"05

0" 57

H2, H6

LL )t

{\rl



lable X (contlnued)

coMp0uÀrD PROTOT\I a(obs. ) a(caIc. ) OEVIATION+

(to¡ 1,3-Dichlorobenzene

( tt) J,J-Dlchloronltrobenzene

(tz) !,3, 5-Trtehlorobenzene

( 13) ! 3, 5-Tríbromobenzene

(t+¡ 1,305-Trifluorobenzene

(tS) l,J-Diehlorobromobenzene

"2

'^4 t "{í

H2u H6

Hr,L+

( te¡ 1-Brorno-l-chloro-5-iodobenzene

10" 86

19"38

)2" 59

33.18

42"70

23, r0

21.7?

27" 53

22.56

23.58

22.8O

22.80

2L.36

'^2'

Hz'

Hr,, HÁ,

H4, H5

7 "22

tg"4g

)1.?6

36.&

40.53

23" 70

22"95

zt+"9i

22" r0

24.95

20"30

22"1t8

79.63

Hr' H4' H5

HZo H,(,

¡¡ l,Li

3.61+

^ {{

0.83

-3.44

2.23

0" 00

-1"23

-3.40

0.46

-1.37

2.50

0"32

r"73

"2
LrrIl¡Lf

H."ô \)o\



Tab1e X (continued)

(1?) r,2,L-Trj-chlorobenzene

COMPCUND

( 18) 102,4-Trlbromobenzene

(tg) 1-Bromo-2 o 5-dlchlorobenzene

PROTON

(20 ) 1-Bromo-l , 4-dlehlorobenzene

H

Ll ¿-_,

Hl,

H3

"5

H6

A(obs. )

(21) 1-rodo-2r4-dlchlorobenzene

22.86

34.62

))" )o

20. t6

36.24

37"38

)0.96

37.02

27. lB

é1. )O

Q É. É.C

32,82

18.60

32.52

32.82

A(cale. )

lfI¡?

tl
¡ll,*

"2
ft

)
H6

"3

"5
17r"o

22,35

'l lt A.>

33.87

19.72

34.84

3t"61

33.24

36.4?

21"35'

21,35

33.24

ea Ac

2!"62

33.89

3t"40

DEUIAlION

0.5t

0.00

-0" 51

0.41+

1.40

-0.23

-2"28

0" 55

-0, t7

r.2t

2.28

-0.80

-3.02

-1,37

L.42

{\)



(zz) 1-Iodo-2, J-dlchlorobenzene

COMPOUND

(23) 1-rodo-3,4-dlchlorobenzene

(24) 1-Eluoro-3, 4-dlchlorobenz.ene

PROTO}I

(25) l-Fluoro-2,4-dlbromobenzene

1t
"3

H,,

lf
LL/n

t?
"2
tt

)
Ha

*2

Itf¡<

H,

A(obs. )

(26) 3,5-Difluoroiodobenzene

34"02

32,82

18"96

2 1.00

36"84

29.46

24" 54

33"60

34"02

27" TB

33.42

3?.50

2t"18

25.32

A(calc. )

33. t4

32.82

19. 88

19. 88

33. t+

32, t5

24.94

32"78

37"7r

79,18

34.30

35. t0

79.97

26.28

DE\I-IAlION

Ha

tt

"5

H6

H2' H6

tlt'l+

0.88

0.00

-0"9?

!. !2

3"?0

¿.69

-0.30

0.82

-3.09

2"00

-0"88

2.1+0

7.2!

-0.96
\)
co



Table X (continued)

(27) 3,5-Diehlorotoluene

(28) JoJ-Dimethylanillne

CO}lPOUND

(29) J u J-Dfunethylchlorobenzene

(30) l,J-Dfunethlybromobenzene

(¡t) 3,5-Dimethyliodobenzene

PR0T0ilt

IL" H,

"4

HZo H(,

HLttl

t¡ ü,
"2t t'6

Hr,

HZo H(,

r¡)r

?l r?
"20 "6

f1
"4

Hr, H6

H4

"2, "6
?t
¿¡,

a

(],2) J, J-Dimethylbenzonitrile

A(o¡". )

(]3) J,J-Dlmethylnitrobenzene

L? "?6

4.74

3.00

1.20

1" 80

13.80

2.40

L5.60

3.00

16. B0

24"00

29 "4A

11.40

3).60

A(catc. )

79.05

5.48

2"26

-9.08

1.43

15.00

0.4)

16.85

-1.04

13.20

23. Lg

29"97

14.95

32.43

ÐEWATION

-1.29

-o.74

o"?4

1.88

0.)?

-!.20

7"97

-t.?5

4.04

3.60

0.81

-0.5?

-3" 55

t. t7 {\o



Table X (contlrnred)

(34) 2,4-Dimethylanilino

C0l'tF0UND

e5) 2o 4-Dlmethylchlorobenzene

3A) 2,4-Dlnethylbromobenzene

PROTON

ß?) 2 n 4-Dlnethyliodobenzene

,^?

LL ¿

,r6

A(ou". )

(38) 204-Dimethylbenzonltrile

-4"90

Q lrô

-7"20

13.80

10. B0

-2"40

14.40

11" 40

-1.20

16"80

13.80

-1,20

30.60

29.40

16.80

l?..?

ll P

H,

A(calc. )

,t3

tl

'^(

H."ô

-7 "00

-8" 30

-0.98

14"25

72.95

-1.8 1

13,62

12"32

-2,9I

12, <2

72,22

J+.28

30.65

29.35

79 "95

DEVIATION

..?

H ì
H¡

1t

1

lt

H6

2.20

-0. 10

-0.22

-0.45

¿.75

-0" 59

0.78

-0"92

t"6t

3.28

í (rì

3.08

-0.05

0.05

-3.75

CDo



Table X (eontinued)

(J9) 2 u 4-Dlmethylnltrobenzene

COMPOUND

(¿+0) 7r3, S-Trlrnethylbenzene

(41) l,J-Dtchlorophenol

(42) 3, 5-Dlnethylphenol

(43) 204-Dtmethylphonol

PRo10tù

tt
"3
tt
tL r)
,t6

Hr, H4' H6

H2' H6

It

^'4

ttI12, "6
Hr,

T

Á(ou". )

uDcvr¡irroN = A(ou".) - A (calc.) where A= A loln^ c6D6

32"U0

28"20

7.80

-4.1é

23.59

7 "28

AA

!,2

-3.0

-J. o

3,6

A(catc. )

33.51

32"2L

tt"7 7

-2.62

26.?g

8.29

5.72

0. 19

-2.65

-3.95

1.88

DEVIATION

H"2

ñ

H¡
o

4 4a

-3.91

0.44

-3.20

-1.01

1.48

1" 01

-0,35

0,35

1"72

@
F
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tuoll lcno¡m that an unhlndered aronratic ni'cro gr"o'Jp li-es appro>ari:ately

in tho platre of the r5:ng to ¡thich 1t 1s attsched because the stal:Íll:.¿-

atlon energy due to resonance interactlons is greates'c for a coplanar

cor¡figtll'åtion. Iìor+evet.u since the stabtllzatlon erlerglr dirnínishe.ç as

the ccsine or square of the cosine of the ,'lngle bet¡.¡eer¿ aronatic ancl

nitro grcrr.r:) planes, n n LBo rotation r.¡ou1d reduce tho eirerg¡r by only

5 or 10 fi (83)" Therefore, in the presenco of a bullcy ortho substituent

1t is not surprlsing that nltro groups are often rotated, Iror exarnploo

ln o-nitrobenzaldehydeo tire nftro group is ratate,l b;r 2/o, l-n

o\ 
f\r'- 

0
't'

rAr
rlV-*

V
I

X\[II. the nitro group l:i-es
ln the samo plane as 'bhe

a:ro¡iratic r'ing.

XVÏI. Tkre plane of the
nj-tro group is tr,¡isted
out of the aromatl-c r=ins
plane by X"

compounds such as XVII, tho proton ortho to the nitro group (H5) ls moro

r"eadi.ly $sc1r¡ated!¡ by benzeno solvent molecul-es than is H6 in X\riII,

because tIU Ín X\rJI is further ar'ray fron the i:egaiive o:rygen atorn of

the nit.ro group" Since the benzene solvent nolecules tend to avoid
n l,lOc

negatlvo centres, the calculated Ao ' values are in qualitative agi"oe-
A i'lOz

rnent rrith this exirlanation. Using these modlfied A o - values ths

dlf:îerenees betu'een observed and calculated ASIS values are signifi-

cantly reduced compared to those given ln Tab]e X (see Table Xi).
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TABI,E XI

Qþqe_r.r1ed CryLçelcjll4leè d,glS_Vaì-r¡es for Proton(s) Ortho to a Nitro Group

for some Trlsg_bstltuted Benzenes (IIz at 60 l{Hz)

Compound Proion A(our) A("atc. )
Deviatlon

(obs)- (cate")

2, tl-ûl chLoronltrobenz ene

2, j-DLchlo ronl-trobenz enê

3, 4-Dtchloronltrobenz ene

H6 5L"2O

39"81

32.5?

43"?0

32.00

43.6t

33.18

11.40

7.80

34.39

46.38

51.27

39"75

32,33

44,60

37.70

43,97

33,08

17"41

75.59

37.16

43.43

-0.07

0.06

0.24

-0.90

0.30

-0.)6

0.10

-0.01

-?.?9

3.23

?.95

H6

E2

H6

h3 -Chlo ro -4-bromonitrobenz ene

H6

305-Dlchloronltrobenzen€ HruH5

),J-DimeLhylnitrob€nzene Í12rH6

2rb-D5.meLhylnltrobenzene 116

J-Chloro-l+-fluoronltrobenzene H?

H6

lwo compounds for which thls modified additlvity seheme does not work

are 2, 4-dlmethylnitrobenz ene and J-chloro-4-fluoronltrobenz enec

A steric effect anaÌogous to the one for the nitro group ls

apparently not lnportant for the smaÌIer amlno group (see Table X).

the calculated and observed solvent shifts of some dlsubsti-

tuted, tetrasubstituted and pentasubstituted benzenes are given ln

lab1e XII. Trisubstltuted benzenes with three adjaeent substituents

are also lncluded ln this table. It ls lnterestlng to notleo that the

calculated sol-vent shifts of al-most aLL tri-o tetra-, and



B4

pentasubstitu-ted benzones given in this table are larger than thelr

eorusspondlng observed ASIS values. Sinee one would. expect benzene

sol-vent molscul-es to experience steric hinrlrance in thelr apprca.ch to

the solute protons of a tetra- and pentasubstltuted benzene, the above

observatlons can bo partlS'ex-plalned. However, if such steric effects

are important the author would oxpect the observed solvent shifts of

rlng protons in trlsubstituied benzenes w1th threo adjacent subslituents

to be larger than the calculated values.

The 1r4-dihalobenzenes all have larger observed- solvent

shifts than celculated. This devlatlon betweon observed and calcuLated

ASIS increases on going from 1r4-difluorobonzene to 1,4-dliodobonsens whLch

contrary to r,¡hat one woul-d oxpect on the basis of a sírnpIe steric effect"

1-6



TABI,I' xII

Comoounds foq whleh thê Addlti-rritv Scherne ls-Unsatlsfaetory

o0MPoUND pRoTON Açou". ) A(calc. )

(t) 2,J-ûlchloronltrobenzeno

(2) 2,6-DlehloroanLline

(3 ) 2. 6-Dibromoanll-ine

(4) 2,J-Dlchlorolodobenzene

Hr,

'^5

Hro

nj' 
'5

H.4

,3" fr5

H¡¡l¡
Lt

tlttl+

H.)
116

H4' H5

tt
"5

ß) 1,203-Trlchlorobenzene

t]8.7 5

6o-9t

45.42

11.00

tg"60

11" 68

tg.æ

28"26

39"66

27. !8

28.62

4L.zz

5?"05

65,40

48.14

13,37

22.06

t4.??

20.80

)2"83

45.41

32" t5

34"62

46"t4

DEITIATION

-3"30

-t+.t*9

,2"72

-2.3?

-2.46

¿"54

-L"t2

J+" 57

-5"7 5

4.97

-6" oo

A.g2
@\^



Table XII (continued)

(6) !,2 uL+uJ-Tetrafl_uorobenzene

0) !o2 u4rJ-Tetraehlorobenzene

COT'IPOUND

(B) !r2,4,J-Tetrabrornobenz,ene

( 9 ) 1-Fluoro-2,40 J-trlchlorobenzene

( tO¡ 1-Bromo-2ulruJ-trlchlorobenzene

(tt) 1-Iodo-2n4uJ-trlchlorobenzene

PROTOI\¡

Hj' H6

o3, n6

Hj' H6

(tZ¡ 2 04, J-Trlchloronltrobenzene

A (ou". )

( t: ) 2 o4n J-Trlchlorotol-uene

4r.70

35.04

37.74

33"93

38"t+3

33.10

3t.62

31.55

28.33

52,1+t

t+9. tt

75,6?

2?.gg

1¡'3
u
'^6

Fj
HA

A(catc. )

40"12

37.t+8

34,22

36"3t

39.97

36.85

36,t18

36,?5

35.0L

56.?I+

51.00

t9 "6t+

33"43

"3

H,o

H"3
lT
"6

H3

ET

rì

DEUIATION

1"fr

-2"44

¿"18

-2.38

-t "51+

-3.75

-4,96

-5.20

-6,æ

*4.33

-1"89

,-3"97

-5.4+
@o\



( t+¡ 2 u4rí-Irtbrorrolodobonzeno

( tS) 1 , 4-Dlflu oro-2, J-dlbronobenzene

( t6) L,2u3,J-Tetrafluorobenzene

contirnred

COMPOUND

(tZ) ! u2 u3,4-Tetrofruorobenzene

( t0¡ !,203,4-Tetrachlorobenzene

(tg) 2o 6-Dlchloro-J-nltrotoluene

(20) 2,3,í-TrLchlorotoluene

PRCIUN

H3o

H3'

H4u

(2t) 204, J-TrImethyÌbronobenzene

tI5

IT,o

116

A (ou". )

(22) 2u40í-Trimethylanillne

2? 
"OO

38.88

32"28

44.70

41.40

43"æ

43"?8

25.59

25.59

10.80

-2,44

-6"90

H5'H6

n5" n6

¿\(cate. )

H4

"5

37,35

37.L?

38.89

46.? s

49"75

45"65

57" t7

32.13

3t.91

10.9 1

-3,25

å.?4

DEVIATION 
*

H..lr
I

tt
"5

H3

tttr6

-L0.35

T,? T

-6"6i.

¿.05

Å"35

-1.97

-?.39

-6,54

-6,32

-0.11

0.81

1.8þtt.a 9 LL /)) Co
N



Table XII (continued)

(23) !uz 04,5-Tetramethylbenzene

(?4) r u2 u3, 4-Tetrarnethylbenzene

(25) LoZ o3, 5-Tetramethylbenzene

(26) Pentamethylbenzene

(27) 2 u3, 5o6-Tetrafluoroaniline

(28) 2 u3u 5,6-Tetrafluorotoluene

(29) 2o)u5,6-Tetrafluorophenol

(:O) Pentafluorobenzene

C0l"iP0UND PROTON

t¡"3'

H5o

E4o

ßt) Pentechlorobenzene

ß2) 2,4-Dlbromo-3, 6-dI.chloroanillne

ß3) 2o4uí-lrichlorophenol

þ4) 2 o4uí-TrJehlorophenol

H,

H6

H6

A(o¡u. )

-5"24

-7.88

Jt "26

-6.89

22"27

29"51

30"29

5t.90

40.80

21"28

22,86

t?.?6

A(catc. )

-6"3o

-7.60

-5.33

-8.04

3r"92

38.38

4t.t9

52.85

53.36

32"96

2t.33

t4.59

DEVIATIONs

1.06

-0.28

1" 0?

t,15

-9"65

-8.87

-10.90

-0.95

-12" 56

-11.68

7.53

3. t7

,5

H3' H5

H3' H5

co
@



Table XII (eontinued)

$5) 2,6-Dtnltro-þ-chlorophenol

ße) 2,3, 5,6-Tetrachloronitrobenzeno

$7) 2,40í-Trlchloroanlllne

(¡g) 1,4-DlfJ-uorobenzene

ß9) 1,4-Dlch]-orobenzene

(þ0) 1,4-Dlbromobenzene

(41) 1r4-Dllodobenzene

c0tæ0uND PR0T,JN

n3''5

';n4

H3, H5

*Ðcvr¡Trol¡ = A(o¡".) - [(cate.)

A (ou". )

52"26

61.98

13.33

2!. t2

24.18

24.93

24"30

A (eatc. )

52.28

?0.79

t6.gB

20"06

18"74

r7. tt

t5.54

rvhere A= Aløln
- Ç6u6

DEVIATION

-0" 02

-8.81

-3.65

1.06

5"4t+

7.82

8.?6

Co\o



90

B" OIT{ERCORREI,ATTONS

As mentloned €ar1ier, it is dlfficult to Cemonstrate the lmp-

ortance of steric effects on ASïS, In conpounds such as the 3,5-dichloro-

X-benzenes one expeets the ASIS values of HU to be independent of sterl-c

effects and mainly dependent on charge effoets.

1.Ha@
As a measure of substituent effects ln the benzene rlng system

we havs Hammettes o eonstants. If these eonstants are related to the

electron densities at the meta and ¡rara carbon atoms, one might expect

Ilanmett o eonstants (or the modified resonanco and lnduetive components

of the o constants as proposed by laft (84)) to correlate i"¡'ith ttr* 13C

tand H ehenleall" shifts of the nuc1el involved. l4an¡r investigators have

attempted to show that such a correlatlon erlsts (84-9f). For exanple,

Hayamizu and Tamamoto (9f) have shor.rn that the para-proton chemical shift

in a monosubstituted benzene is E¡Íven by the follor^ring linear relationship:

o*.* = -0o45 6t - r"!4

o
where o, and oR are the lnductive and resonance contrlbutions of the

substltuent" For the lJ nonosubstituted benzones studled by Hayamizu

and Tamamoto theroÍrosn error **" t 0.04 ppm, r¡hich corresponds to 4 $ of

tho range ln tbe para-proton shift. Since the enor in Taftts o constants

is t O. 03 $1), which is about Lv fi of the range of the o constants, thls

empiricaì- rel-atlon seens oxcol-Lent,

o
t1 + 0.OB (pp*) (w-1)

The Harunett eo¡ation can bo expressed as (VI-z), ln whlch the



9I

r€$rlar Harulett ú constant is equal to o ï * o 
R

resonance substltuent constantso respectively.

, the induetive and

rogK/Ko=(or* oR)o (ur-z¡

can be obtained separately for the para and neta positlons,

"f = oo- or and o*t= o,o- or (ur-3)

for r¡hieh lt is assumed that oI 1s the same for the tl.ro positions (gZ).

For reactions ln n'hich (a) there ls essentially no resonance

between the substituent and the reaction centre, and (b) the flrst atom

of the slde chaln of reaction site coes not bear a fornal charge and

thoreby does not produee any significant polarization of the substituent,

one may write equation (VI-4) (92).

logK/Ko= oop =(oIn ono) (vr+¡
o-o is a substituent eonstant refleeting the resonance lnterectlon ofrt - "-"ó

the substituent r^d-th the ring. The zubstituent consta.nts, oo u are

often refened to as Taft9s substituent eonstents. laft has evaluated

these constants from the ionizations of phenylacetle and phenylpropionlc

aclds and from the r¿tes of saporriflcatlon of ethylphenytacetates and

benzyl-acetates (93)" orva.ì.ues fro¡n three sources are glven and dls-

cussed by Rltchio and sager (g3). o *o vaì.uos ean be approxlrnate]-y

derived from the oo and. o, values (g3).

The Taft o 
"orr"J*r,ts 

of interest in thls thesrs aro siven ln

labLe XIII"
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TABI,E XIII

lafb o Constants (fro¡n Ritchle and Saeer (43))

o
o (neta)Substituent oo(p"r")

N(cH3)2

N%

0u

0ffi3

cH3

scH3

H

F

c1

Br

I

-0.15

-0.14

0,0l+

0.13

-0,07

0.09

0" 00

0.35

0,3?

0,38

0,35

0,3r+

o"36

0"62

0.70

-0"44

-0.38

-o. t3

-0"72

-0.15

-0" 03

0" 00

o.2!2

0,2?

0"26

0.27

0.46

0,46

0.43

0"69

0"82

c0cH3

c00R

cH0

CN

Noe

The oo value for the para-fluoro group was taken from the

results of Niv¡a (94)" The laft o constant for the formyl- group, p-CHO,

was taken to be equal to lts ordlnary llamrnett oO value (g5), This

approximatlon is probably good sinc" op eo.uals 0.50 and 0.4J for the

p-COCH3 and p-COOR groups, while oo 1s 0.46 for both groups.
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the importance of eharge effects ln benzene solvent j.nd¡ced

shlfts rnay be.<iemonstrated by pì-otti.ng ASIS values of H4 ln the JuJ-

dl-chloro-X-benzones versus Xcs so-substltuent constant (see Figure 9).

The comeLatlon eoeffielent for thls plot is 0" 9966, and the slopo is

3?.50 tlzftatt unlt. An analogous plot for a series of 3,J-d1methyl-

X-benzenes is sho¡rn ln Figure 10. It is interesting to notice that the

ASIS val-ues of the methyl grcup protons 1n the p-X-toì-ueno sories aro

also llnear1y related to the oo values of X (see Figure 11).

ai
Following ths work of Dlehl (46) tUe lncremental solvent shifts,

and Ai (see lab1e IX) nere plotted against oï + 0.50 oRo

(Figures 13 and 14). A1sou Ai and A[ 0,""" plotted agalnst o ï +

o.?5 o f,, oo and. O" 50 of + o¡o (Figures U to 20). The necessary values

of Taftts constants o, ancÌo¡o , were taken froni Hayanizu and Yanamoto

(gl)" The author fools that plots of the'Lype r*trere some properiy of a

substituent X is plotted against a oï + ß oRo often have I1ttle

slgniflcancs vrhen q, and B are ernpirieal scaling fa.ctors.

Fron the limlted data available, the ASTS of HU in the 2,3,506-

tetrafluoro-X-benzenes also appears to be related to the oo vaLues of

substituent, X (see Figure 2t).

.[lt]rough the reason for the ltnearity of the plots shown f.n Figures

9 to 21 1s not completely understood tuo important cor.lclusions

meiy be stated: (*) the origins of ASIS for proton(s) para to substi.tuent

X ln J,J-dichloro-X-beirzenes¡ l,J-d1methyl-X-benzenes, and ln p-X-toluenes

rnust be sinúlar; (U) tho magnitude of ths benzerre solvent inducod shift

for any gi-ven proton appears to be linearly related to the electron

density at that, proton. For example, the lncremental solvent shifts,Al ,
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for a substituent X para to a partlcular proton 1s given by the expression:

x ^, ^^ o ¿ o
p*rr = 35'63 opor.*,x T 1'30 opararx

+ 5"39 t o" 55 u, (w_5)



Flgure p. A plot or A Z#¿'ln Hz at 60 MHz for H4 ln some

305-dichloro-X-benzones versus Taftts slgma para

tO\r( oiara) value for x'

Parameters Galeul-atecì from the above Plot:

Y-Intercepf = L2.2J Hz

Varlanee of the T-Intereept = I Q"5O Hz

Slope = 3?."50 HzfTafL' s sigrna para value

V¿rlance of the Slope = 3 1. t? nzfûaftts sigma pa.ra value

Correlatlon Coefficient = 0.9966
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ASI S(Hz)

_ CHO

.No2

o.90

o

o
rO
c\l

q

/o
bLu'

o.10



Ff-gure 10. A pì.ot or A 32i¿" 1n Hz at 60 Mrrz for n4 tn sone

305-dlmethyl-X-benzenes versus Taftts sigma para

tO\r( o L"" ) value for X.

Paraneters Calcuf-ated from the above Flot:

T-Intercept, = )")2 Hz

Varlance of the Ï-Intercept = Ï O.86 Hz

Siope = 35.2t nzlTafi¡s sigma para vaì-ue

Variance of the Slope = ! 2.13 nzlfattos sigma para value

Correlation Coefficient = 0,982!
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Flgure 11. A plot, or A 3#¿' ln Hz at 60 Fñz for rhe merhyl

protons 1n some parasubstltuted toluenes versus

Taftrs slgrna para ( ofu.r) val-ue for X.

Pa ra4e'Le ¡ e_-lÞ1gr-11 a te d f-ron th e a bove_Plo.L :

T-Intereept, = I!")6 Hz

Var.lance of the Ï-Intercept = t 0,?? Hz

Sl-ope = ?.8.Blt Hzllaftts sigma- para value

Varlance of the Slope = i 1u84 nzffaft rs sigma para vaì-ue

Correlation Coefflcient = 0.9822
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Fîgure 12. A plot or A 32i¿' in Hz at 60 MHz for H4 in some

l, J-dichloro-x-benzenes versus L 32i¿' in Hz at

6O ¡untz for II¡ in sorne J,J-dimethyl-X-benzenes,

ParametelilQAlggleiÞell frqtn the above Plot:

ï-Intercept = 7.09 Hz

Variance of the Y-Intercept = 1 O"JB Hz

Slope = 1.0?

Variance of the Slope = t 0.02

Corrolation Coeffient = 0.999L
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Figure lJ. À plot ot A*.r" (o"rlned in texb) in Hz at 60 MIz

o.versus oI + 0.5 o¡ . The substituent constants

-rOo, and oR are taken from referenco 91.

Paraneters Caleulated from the above Plot:

Y-Intercept = -0"86 Hz

Variance of the ï-ïntercept = 1.00 Hz

Slope = 4?.tL Hzfsigma value

Varianee of the Slope = /.11.$ Hzf sigma valuo

Correlation Coefficient = 0.9904
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Flgure 14. A plot or A Lr. (defined ln text) in Hz at 60 tfiz
oversus o I + 0.J o R . the substituent constants

.o
o - and o *l are taken from reference p1.

Paraget,e.rs Calculated from the above Plot:

T-Intercept = -0.J2 IJz

Variance of the l-Intercept = 3 O$4 Hz

Slope = L¡$.t6 tlzlstgma value

Variance of the slope =! 2")4 Hzlstgma value

Correlatlon Coefficient = 0.99!L
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Figure 1J. A plot or A l"*," (o"rlned in text) in Hz at 60 vJJz

versus o , + O.l5 o Ro. the substituent constants

-oo t and o R are taken fro¡r referenee 91.

Pa ra rn et er s Calgul a t ed frorn tle_above_ Plo$_:_

T-Intercept = 2.4.6 Hz

Varlance of the ï-Intercept = 1 0"60 Hz

Slope = 4L.4) Hzlsigrna value

Variance of the sì-ope = !.4? HzfsJ.gna value

Corro'lation Coefficient = 0.9956
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Figure 16. A pl-ot of Al*r* (cerined in text) tn uz at 60 ¡[Ìz

versus o, +' Q.?5 o*o. The substituent constants
ôo, and oR" are taken frorn reference 91"

Pqåa¡relersÇe]c!.1.9!ed--!r,o-!Ltþq_ablr-Ve-Plgt¿

T-Intercept = 2"93 liz

Variance of the T-fntercept = t O"JO TIz

Slope = 4.0.62 Ez|sierna value

Variance of tho Slope = t 1.22 frzfsi,gma value

Corr.elation Coefflclent = Q.9969
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Figure 1?. A plot of Al"* (deflned ln text) in Hz at 60 mz

versus Taftrs sigma neta ( oro"rr) value for X.

Parêneters Calcul-ated- fqcn --the ab!vo-&!=-

f-Intercept = -1.¿+B Hz

Variance of the T-Intercept = t !.L3 frz

Slope = lJB,69 Uzltattrs si-grna meta value

Variance of the Sl-ope = ! Z"Bi Hzf'laflcs slgma meta value

CorreLation Coefficient = 0.9884
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Figuro 18. A plot or AI"* (defined. ln text) in Hz at 60 ynz

versus Tafte s siørna nara ( o o \ '. o*r*/ value lor À"

Pgrgrngters Calculated fron the aþove_Plot:

Y-fntercept = 5.39 Hz

Varlance of the T-Intereept = t O.JJ Hz

SJ-ope = 35"83 HzfTaftt s signia para value

Variance of the Slope = t 1"30 tl'zffanrs sigma para value

Correlation Coefficient -- A.99t+B
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Flgure 1!. A plot of Al"* (aeflned in te:c.) in Hz aL 60 tútz

versus 0.J o I f o Ro. The substituent eonstants

.oo, and o R- aro taken from ¡eference 91.

Pa ryr¡n e t gr s C a 1 c-lll a t e d f rorq__.L_þ e _gþq ge_ IfgLi

T-Intercepf, = 11.8/

Varlance of the ï-Intercepl = 1 t.4J

Slope = 45.99 Hz/si-gma value

Varlanco of the Slope = t 5.t4 Hzfstgma value

Correlation Coefficlont = 0,9589
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Figure 20. A plot of A1^-- (defined 1n text) in Hz at 60 l&fz
Dara

'lersus 0.J oI n oRoo The substituent constants

oo, and o*l are taken from reference t1.

Pa rarnete r s CaÌ cula tell-'fIqLlhg ebo_ve -Pl-o t :

Y-l-ntercept = 1I.63 Hz

Varlance of the T-Intercept = Ï !"42 Hz

Slope = 42.91 Hzlslgirna value

Variance of the Slope - I 4.)J Hzlsigrna vaiue

Correlation Coefficient = 0.9506
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Figure 21, A pÌot of A}2i|'in ilz at 60 lutnz ror H4 in some

213r5o6-tetrafluoro-X-benzenes versus Taftgs signa para

tQ\.( ¡!p) valuo for X.

P-aramgLet€ rqalcu-]-ated fren_bhe _gþove Plot :

Y-Intercept = 40.Ltó g.z

Varianee of the T-fntercept = t t.0? Í12

Slope = 53.)8 Hzlfattrs si-gnra para value

Variance of the Slope = ! 5.?5 Hzltaftls sigr,ra para valuo

Correlation Coefficisnt = 0,9722
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2o Dlpole_Jprnentq

As mentioned, ln Chaptor III, several lnvestigators have shown

that the .A.SIS of a particular solute proton is linearly related to the

dlpol-e noment of the solute. l¡lhether. or not this linearitv is lndlcative of

dlpole-induced-dipole meehanism is open to question"

In the case of lrJ-dichloro-X-benzenes, a plot of the dlpole

monent of the X-mono-substltuted benzenes (96) versus ASIS of H¡¡ shor.¡s

some degree of llnearity (Ftgure.22)" The author feols that the linearlty

of this pÌot is a reflection of the eleetronic charge density at HU"

the effect of a substituent X on the charge density at various posltlons

1n a monosubstituterl bonzeno aay be roughry ïepresented by v /r . Here

u 1s the d.ipole monont of the moloculo, and r is the length of lhe

dlpoIe. .Although it is readily possrble to deternine the dípole monre¡rt

of a noleeule, the separation of the latter lnto the components , the

charge (e ) and the distance (r ), is far more arbitrary, Essentlalry

thls is a eonsequence of the non-l-oealized form of the eLoctric chargo,

fn the case of nonosubstituted benzenes one does not have tvio point

charges' thus any a'Ltempt to give p a nunerieal value may be expectecì to

load to êrroneous rosults.

For solute noleeules which eorrtaln no ortho hydrogens, Sehwenk

has used tho funetlon

F( u /r) = 
[¿ +] 

Yftg:.. 
+ [ ',,

o*lr-ur I (w-6)' 3 L'?p.J ¡iESo"

as an approrJ-nation to the change ln the charge dlstrtbutíon induced

the substltuent (36)" Here u 1s tho dlpole moment of the c-x bond,

r 1s the C-X bond length, For -N(CH3)2 ana -NO, onl-y the C-N bond

ul
r J TND.

i:y

and
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distanee tras used for the r 'Jålueo Substltuents rvhleh are nainly in-
ductlve contrlbutors lÁ/ere eonsidered when they were situated ortho or

meta to the proton in questlon, while substituents whlch are malnlymesomeric

contrlbutops \r'êre considerod onÌy when they were placed ortho or para

to the proton in questlon.

By taking the slopo of an amazrngry l-inear prot of soivent

shlft,s, Ai.tit', for potyhalobenzenes in whlch no protons occur orthow /¿J /oo
to eaeh other, versus F( u /r) , Schwenk (36) obtaineC the addltlvity
parametors given in Table v. Notice tirat AI is zeron and Ax r"PM

AI

one-half Ao for any halogen substituent X. Although this selreme seems

to work well for halobenzenes wlth no ortho protonso the author feels

lt ls not generally appricabLo to substituted benzenes contalning

substituents other than halogensc

For exarnfle, schwenk (36) tt"" suggested the followlng groups

bo eonsidered only r*-hen plaeed ortho or pala to the proton in question:

0H, NHZ, 0CH3o CIÌO, CN, and NO2. He caleulates a F( u/r) valuo of

1.86 e.s.u. for H, and H, ln 2,4r6-trlchlorophenol. That is, he predicts

the same solvent shift for this compound as for H2 ln 1r3-diehlorobonzene.

However, Aßù = 10.86 Hz in 1,3-dlehLorobenzene r..'hiIe Atirr) and

A(H¡) = 22.86 Hz ln 2,11,6-trlchlorophenol-. slnriì-arly, equation (ur-6)

predlcts the ASIS of proton H. in 2r4-dj.chloroaniline and 2,4-dichl-oro-

nltrobenzeneto be equal , boí A(H¡) equars 3"?t and,4z.Ju Hz, respect-

lvely. These results demonstrate that one cannot lgnore the lnductive

effects of malnly mesomerlc groups wÌ:en they are placed meta to the

proton in questlon.

Elnally lt is of lnterest to noto that the .A,srs of proton H^
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ln 113-dichLorobenzene and 1r3,5-trlchlorobenzene ero 10.86 and,2).10 Hz,

respectlvely" sehr.¡enkts acdltlvlty rnoder wculd predict oquar A(Hz)
values irr these compounds. The author woul-d llke to point out that,

because A (Hz) ln 1,3,5-trichrorobenzene ls much greater than A{rir)
1n 1r3-dlchloroben zene, does not necessarlry imply that the inducti-vl

effect of the chlorlne atom ls operatlve at the para positlon (i.e"o

over flve bonds)" The inductive effect of a chlorlne a'uom on two rnota-

Cl atcms rnust also be eonsldered"



Figure 22. .4, plot or A Zli¿'in Hz at 60 MItz ror H4 1n sone

3,5-dichloro-X-benzenes versus the dipole moment

of the X-monosubstituted benzenesn The dipole

rnoments are taken from reference t6.

Parqngters Calculated frpm the abovq -Ef-g!i

ï-ïntercept = 11.2) Hz

.Variance of the Y-Intercept = 3 L"22 Hz

Slope = -?o08 Iiz/Debye

Varianee of the Slope = t 0. JZ HzfDebye

Correlation Coefficient = A,9874
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3 " L:81-ectrqa-&aeiÈes

Ïn Chapter III, tho attempts of various authors to illustrate
tho inportancs of steric effects ln determinlng the rnagnitude of ASIS were

crltielzed bocause lnvestÍgators have falled to isolate tho sterie

from the ehargo effect of a substituent"

Zueí9, Lehnser, I¿ncaster, and Meglia (9?) trave shorsn that

tho respective ring proton chemical shifts of the metho>cybenzerles are

approximat,ely proportj-ona1 to the calculated r-eleetron densltj-es on

the ring carbon atoms. From 19 nonequivalent aromatic protons ín the

set of ccrupounds eonsidered, a chernical shlft of 9.95 Ìrpln por unit of
Î-electron density was calculated. This val-ue i-s 1n good agreement

trith the va'lus obtalned by Schaefer and Schneider (98),

Havlng establishecl that ASrs values are reratoc to charge

dlstrl-butions (i.e., Taftrs o constants), it is of interest to determi.ne

whethor the ASIS values for tho aromatj-c i.lng protons of metho:q¡benzenes

are lj-nearly rolatod to the n-el-ectron denslty on tho attaehed ring

carbon sites. If the ASIS of â glverr ring proton ls dependent only on

the n-electron density at the carbon it is attachod to, ono expects

a línear plot of ASTS versus ¡'-oleetron density" one rnay attrlbute

a.ny non-llnearity in thls pl-ot to effects other- than charge effects,

that, 1s, sterle effects" The ASIS valuos and n*electron densitios of

nino motho>qybenzenos are glven in Table XIV.

the Nl4R spectra of methorybenzone and 1oJ-dinethorqrbenzene

were not analyzed due to timo lirnitatj-ons. .A.lsoo the last three

compounds listed in Table XTV were insolublo in cyclohexanee therefore

tho rosul-ts fron carbon tetrachloride sorutlons wsre used (gz).
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1 u2-Dlmethoxybenzeno

COMPOUND

1 u4-Dinetho4ybonzene

1, 2, 3-Trlmetho>q¡benzene

lq_the ltleth.oä'benz ene s

P0INÎ PROTOI{ In C5H12

TABLT} XTV

1, 2 u 4-TrÍmetho>rybenzene

and n -Ele

1I

2

t, 9, 5 -Trlmethoxybonz ene

t oZ u 3,4-Tetramethoxybenz ene

. Ho,liÁ.
)v

HI¡"4t"t

\,It),H5u
H,o

ttþr'"6

H
)

H"3

)
H.

H2,H4oH6

tt 
5'tt6

4

5

6

?

I

403" 58

40t+"98

400"86

385"96

406.56

38?"82

374"08

398.25

)57 "65

385"2

In C5Ð6

398.93

4ù3.27

404"28

382"9t+

4q9 "85

390"2t

377.57

398.55

372"22

382.A2

Ac6Htz4^ t\u6u6

R[ne Sltes

4"65

-3.29

-). +4,

3.02

-3"29

-7,39

-3.49

-0.30

-14" 57

3.210

n -ELECTRON
DENSITÏ

1.040

r"0?6

L"037

L.066

t.0?4

L"0?9

1" 066

1.037

L" 109

1.064

Fþu)



I oZ o 4 u J-Tetramethoxybenzone

Pentar¿ethoxybenzone

COMPOUND

* 
( t ) Shlfts are relatlve to Tl{S.

(2) A'11 cornpounds whleh dlssolved ln C6H,Z and C6D5 r.rere J nol:e fi sanplos except for o-dlnethory=
benzene r.¡hlch was J mole S.

POINl

TABLE XIV (contlnued)

LL

PRoroN rn c5nr" rn c6D5 LZZ|¿,

72

tt ?l

2',*6

H,

385"8

370.2

389.77

3æ.82

-4.0

1.4

n -ELECTRON
ÐENSITT

1.078

1.104

FÞ
F
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Flgures 23 and 24 show plots of aromatle proton chemical-

shlfts ln cyclohexane and ÀSIS agains'b calcu'l-ated charge densitles at

attachec rlng posi'i,ions in nrethoxybenzeneso Although the ring proton

chemlcs-I shlfts of ihe methor-ybenzenes in cyelohoxane appear to be

Ilnearly related to tho n -electron density at the attached ring

posltion, no such rolationshlp between ASIS values and n-electron

densit.íes is ev{ dent. This r¡riter contends that littte can be concl-uded

from these resul-ts for the following reasonså Flrst, the sleet,ron den-

sltlos on all atoms fu'nmediately adjacent to the rlng proton 1n question

must ì:e considered" For exampleo the meth¡r]- groups of the rnethoxyben-

zerres wil-I be sonewhat positive centreso thus attracting the benzene

solvent molecules. Ono may attrlbute the large observed ring-proton

soÌvent shlft of pentametho:¡rbenzene (polnt. 12 in Figure 2¿&) to a

structur"e such as XIX" Similarlyu the negatlve soLvent shifts observed

o.-.cl-13

/o
CH'

6*/
O'

oa.

o 
cHu

5+

CH, CH,

xïx

for protons H4 and H, in l'Z-clmethoxybenzenê (polnt 2 in Flgure 24)

and fcr proton H, ln 1,201-trimethoxybenzene (polnt J in Figure zl+)

may be attrlbuted to bhe absonce of an ortho-methory group, that is,

the absence cf a relatlvely positive centre" Socondlyo the experinentaL

error lnvolved in the determirratlon of ASIS values for" rnethoxybenzenes



1s large since they equal- tlio difference

able magnitude. Ând thirdly, /'-electr.on

molecul-ar orbital theory r.rithout overlap

lcaneeo

tt6

of two large numbers of conpar-

densitÍes caÌculated by Huckel

sornetlmos have Ìimited sisnlf-



Figure 21. A plot of aro¡nat1c rlng proton cheni-cal shlfts

(Hz at, 60 tqlz) versus the caleulated charge densltios

at attached rlng positions ln methoxybenzones.

Parg¡æters CalcUlated from tlre above Plot ¡

T-Intercept = )J0"41 Hz

Varlance 1n the Y-Intercept = t 5?.78 Hz

Slope = -JLL,J! Hz por unlt of /-electron density

Variance in the Slope = t 54.4J Hz per unit of TT-

electron densíty

Correlatlon Coefficient = -0.9472
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Figuro 24. A plot of L|f;.¿'in Hz at 60 l,4llz for aromatic

protons in ruethorrybenzenes versus the calculated

charge densitles at attached ring posltions.

P_era4glrejs Calcu].ated ftq4__t_hg s-bove P1of :

T-IntercepL = 69,4J Hz

Variance in T-Intercept = ! 57.82 Hz

Slope = -67.62 Hz per unit ff-eløeLron dens5.ty

Varj-ance in the Slope = T 54.48 Hz per unit

TFelectron density

Correl¿tion Coefficient = -0.3654
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l&" Sterlq Effeqts

Sl-nce sterlc effects are electronle in nature, it is somewhat

dlffieult to formalì-y distinguish between charge and sterie effects,

The term sterie effect ls used in this thesls to deslgnate the sltuation

where the approaeh of benzene so]vent molocules to a soluto proton 1s

sterlcally inhlbited. That is, because of spatlal crorvding about the

solute proton, the approach of ths benzeno solvent, molecules ls

inhibited (soe Chapter IV).

As mentioned in Chapter IV, Nomura and Takeuchl (J6) have

dlscussed the .{STS of nonosubstituted (poIy)methylbenzenes by conslder-

lng the effeet of nethyl substituent(s) on the geornetry of the 1:1

complex between the solute and benzene solvent rnoleeu-l-e. Since the

author of this thesls does not belleve that substituted benz,ene solute

nolecules are rlsolvaterJ.tt by only one bonzene solvent molecule at any

given time (see Chapter IV), the term "sterie effee{t wlIt not be used

to designate modifications of the geometry of tho hypothetical 1:1 cornplex.

fn order to demonstrate the relatlve inportance of charge and

steric effects, eonsider the follor+1ng compounds (XX)*. 0n the basls of

Hí3

x ACHrt ACH,I A (Hr)/ A(nr)
\-r NH2 3.71 9.23 2"49

, , H 10.86 t9.38 t"?gñ?
I 18.60 32.9 t"?5

cI 22,86 34.& !.5!

Noz 42.5t+ 52.æ 7.22

CI
XX

orttl 
¿srs varues ^*^ ¡c6Bn ',..are ArãoU values (Hz at 6o MHz).



12 rl

spertial crowding the authoï. rr'ould. expect A (H¡) r A G.,), and this

is 1r fact obse:'verJ," HÒr.'ever, as thc elect::on r¡iti¡drar,¡ing porver of x
increasosn the ratlo A(H¡) I Lfu¡ decrea.ses. rf a steric effect

v¡ere ther only factor cLetev"nri.ning the é"sIS shifts of H, ancl llr, the

ratto. A (n -\ l .A ¡'" \ r. ).. /_\()ir) sh.ould be approximately constant, for a1l_ X su'o-

stil"uontso provid-ed thal, x influences the Á-srs r¡al-ues of H, and H,

equaì-ly., In connec'blon lnth these observa'Lions, consider the fol-lor.nng

::es;u-l-l,s of l\omur"a and Takeuchi (X-Xf ) (¡gi.

X
A(H:) Acurlr'lJ\-t t3

H3

t'r!ï2

c1

ï

NCIz

-4"8

1?R

76,8

32.4.

Q(

10.8

13,8

28"Z

4 
¡11-L ,lsï,S values are A:qi]f values (Liz e.t 60 rlilïz,)"

- 
ÇrUtOO

Steric faet,or"s irnpl.y tT:at A(nr) r ¿\1ur). Hor+ever, A(%)
1s more positive than A(H") in all cås6s f'or series XTJ" Nornura and.

¿

Takeuehi. (55) have given the follor*'lng explanation for tho apparent

anomaly: 'rThe 2-nethyl- grou.p pushes the overlying solvent rnol_ecul-o

as:l-de, causing the s'!-ant of the plano of the soh'ent nrol-eeule out of

that of the solrrte, thus {!16 J.=prot,on is noro deepl}'lr¿mersed in,ci:e

par.a.magnetic region of the solrreni than Uhe J.-p:.'oton'r" Such an ¿T.gu-

mont 1s eÌ'roneous. Sfnce the van der ìnìaals ra.diu-s of ¡. chlorino p-l,om

ls approx-irnately equ.ai to that, of a nrethyl gi-oupu one expeci:s tìre ASIS

values of H" and H- ln sorl.es XX and XlJ to shor.¡ si-r¿j-lar trerrds o¡r the))

/-t I
I tJ\/l l?

J

&TT
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basls of the explanatlon of Nonura and Takeuchl. Opposite trends are

observed. This ean be exlplalned by noting that,1n general, chlortne

atorns lo{.Ll- behave as negative centres relatlve to met}ryl groups because

of the rel-atj.ve1y large electronegatlvity of chlorlne atoms. Thus, in

the case of 2,4-dlehloro-X-benzenes, the benzene solvent noÌecules tend

to avold the H- reglon relative to the H. reglon. Holrever, ln the case'J")
of 2r4-dinrethyl-X-benz,ones the benzene soÌvent molecules tend to

Itsolvaterr the rrposltlvorr methyl groups, thus A(H:) t A(H5). The

decrease of the ratio fiçnr)lA(nA) wlth lncreaslng electron ï^rith-

drawlng por¡ror of X ln the serj-es XX can also be explained by charge

effects, I,Jhen X = r\02, the electron density at the 2-chlorine aton ls

reCuced eonsiderably relative to the case r¿here X = Nþ. Thus with

X = NOr, the benzene solvent molecules tend to sol-vate H, and H, to the

samo extent. Howover -.rith X = MZ, the highly electronegative chlorine

atom ortho to the amlno group w1lI behave es a negative centre relativo

to H6r thus benzene solvent moleeules nsoÌvaten H, to a nueh greater

extent than H^")
Finally, {t must be stressed that, the above lnterpretation

glven to explain the ASIS values of compounds XX and Ð(I does not

preclude tho presenee of a sterj.c effect" However, the author contends

that the steric effoets 1n compounds XX and XiXI are overshadowed by the

negatlve charge on the chlorlne atoms and the posltlve eharge on the

rnethyl groups.

Before concl-uding this sectionu an example which further

dernonstrates the relative lmportance of eharge and steric effects ls

dlscusseC. Conslder the following serles of conpounds:
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(-l\-t

H3

XtrTII &ïIV

ArHr l AcHrl Argt
H

c1

Br

I
Noz

24"18

33.36

30.96

34.02

53.69

22,86

35.04

33. t0

31,55

52"l+t

10.86

22.86

ra" 6o

U2" 5t+

o Au ASrs valuos are Afalæ values (Ez at 60 mnz).
"6"6

Notlce that even though protons B tn cornpounds xxür and xlclv are

expected to be spatlally crowded to approxlmat,ely the same extent,
A¿,, rl\(l{¡) in series xlGrr is greater than A(H:) in series xxrv. These

observations cen be expralned by charge effects since in the case of

)üGIf' the addit,lonaL eleetronegatlve ehlorine ato¡ri 1n the J position

w111 decrease the electron density on atoms adjacent to I{, 1n compounrìs

XXIII relative to compounds XXIV. Thus H, ls frsol,Jatedr by the benzene

solvent rnolecules to a greater extent in ]QLIII than ln )trV. On the basts

of sterlc effects one woul.d expeet A(H:) rn xxtl to be greater than

A(u:) tn xxrrr, but ln fact, A(H:) is approximately the same ln )il(rr
and XXIII. these observations show that the steric effect, if lmportant
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at all in these compounds, ls deflnltely overshadowed by eharge effects.

5, Unsatl_sfaetoly Correlations

Attempts y;ere made to correlate the ASIS of HU ln 3,5-dichloro-

X-benzenes with the para proton (H1), pera fluorlne (trt9), and para
)^

oarbon (C") chemical shifts of the nonoo,X-substltuted benzenes. A1-

though these plots show sorne degreo of linearity, none eompare w'ith the

plot of A(H4) vôrsus oo (Figo"€ g)"
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C. SUI'Í'ÍARY AND CONCLUSICNS

ïn sum¡uary, this work has shor*n:

t o that the electron density at and in the inr¡nediat,e viclnity

of a given proton is rolated to 1ts observed.ASIS va1ue,

'? " that observed benzene soLvent-induced shifts appear to

bo surprisingly lnsensitlvo to sterle offects,

3 " that, the equation proposed by Schwenk (36) o equation

(irl-6), is not generally applicable to substituted benzenesu

'4o the importance of dilutlon shlfts in determining the

magnitude of experirnental errors in ASIS studies, and

5 " tho presenee of l-ong-rango spin-spin coupling constants

(99" 100) r'.'hich previ.cusly had not been reper.ted.

Thls study has yielded no evj-dence for complex forrnation

betv¡een solvent benzene molecules and substituted benzens solute moleeules.

ïn the cass of substituted benzenes as sol-utes it is probably nost logical

to think of the anisotropic benzene molecules es preferentially. r¡solvatlngr¡

eleetron defieient regions uhile avoiding reglons of larger electron

denslty. 0n the I'lì4R tirne seale the observed solvent shifts must corres-

pond to the tirne average of rnany sueh fisolvatingrt events.

Finally, this v¡ork has provided ne¡¿ questions to be ansl,¡ered"
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Do SUG_GESIIONS ¡'CE_FUTURE EESD_\3C.H

The benzene-lndueod sol-vent shifts of protons ln substituted

benzenes ar.e related to electron denslty. 1o put this relationshlp on

firmer grounds it would be valuable to study solute nolecules for

which rellable calcul-ations of electron density are available" The

vinyl protons of 4-substituted styrenes should be exarnined 1n this

coilnectlon. Wehrli, Pretsch, and Sirnon (tOt) have calcul-atod electron

densitles at the vinyl carbon atons for the substltuents Bro Cl, F, luíoo

OMe, H, NMe2r a.nd N0, in 4-substituted styrenes. A1so, Hamer and

Reynolds (tOZ) havo carefully measured the vinyl proton ehemlcal shlfts

of several 4-substituted sty'renes ln cyel-ohexane. Calculated tl'-

el-eetron CensJ-tj"es are also avaLlable for several- heterocvclic eonpound.s

(toj : 105)"

The complete proton MTR spect:'a of several monosubstltuted

bonzenes have been satisfactorly analyzed 1n carbon tetrachloride sol-

utions (91, 106 - t72). 1.fith the availabil-it;" of a 100 FJHz Nl"ß, spectro-

meter arrd irnproving computer facilities, a careful study of ÀSfS in

monosubstltuted benzenes should bo feasible 1n this laboratory.

The magneilc anisotropy of fluorobenzene has been shown to

be practically j,denttcal to that of benzene (113)" It ç¡ou1d be inter-

estlng to con:paro tho solvent shlfts induced by fluorobenzene and

benzeno, hoi¿over ono l¡ould expect the measurernents in fluorobenzene to

be compllcated by the reaction ftel-d term in equatlon (I - t|,)"
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( t ) Benzene

(2) 1u4-Difluorobenzene

0) 1,4-Diehlorobenzene

(4) 1,4-Dlbromobenzene

$) 1o 4-Dliodobenzene

(6) i,3,5-Trlchlorobenzene

(?) r,), J-Trlbromobenzene

(8 ) I,2o3r4-Tetrafluorobenzene

(9) !"213,4-Totrachlorobonzene

(tO¡ !u2,4nJ-Tetrafluorobenzeno

( tt) !u2,1+uJ-Tetrachlorobenzene

(tz¡ !,2,4r5-Tetrabromobenzeno

( tJ) 1,4-Dtfluoro-2,J-dibromobenzene

( t+¡ !02,305-lotrafluorobenzene

(tS) 2,4n6-Trlbromoiodobenzeno

TABLE XV A.

Proton.Chemlcal Shifts of Polyhalosubstltuted Benzenes

(Hz to Low Fteld of TtfS at 60 tHz)

COIæOUND PR0T0,)i IN C5H12

t+jz"66

4t2. 14

4.29"76

t+33"96

437 "88

429 "78

45r.26

405"66

429.?2

4L3"22

445.92

466.09

432")6

395,fr

456"30

IN c6D5

428.94

39t.oz

404.58

409.03

1+13"fr

406.68

Lt29.5t+

)60"96

388.32

3? t. 5z

410.88

434.34

393"118

363.30

t+29,)0

A

3"72

27"!2

24" 78

24.93

24"30

23.70

2r.72

t+4.?0

41.40

4r"To

35.04

31.74

38.88

32"28

27.0O

Þ
¡\)\)



îable XV A" (continued)

(tø¡ Pentaf-l.uorobenzene

(tZ) Pentachlorobenzene

(tA) !u2,)-Trichlorobenzene

c0¡P0ui\Ð

/ ¡n\( 19 ) 3, 5-Dichlorobromobenzone

(20) 1-Bromo-3-chloro-J-lodobenzene

(21) I,2,1+-Tyichl-orobenzene

PROTON

Hr, " Hz
*'lJ

ll
¡¡ <

Ltt I LLI

ttJt

r¡Á
¿.

Hr,

tl

?r

,

H6

l1

1l

?lñ

Ltl,+

LIrr/

(22) ! u2,L-Trlbromobenzeno

IN C6H12

(23) 1-Bromo-2u J-dichlorobenzono

4a3. tt-t

44t+"42

433" 50

4t6"To

439" 50

43?" 78

442.A2

4L+2,0?

449,04

4n".a0

+¿,(," )(.

433" -"8

460.92

428.94

439 "96

433,62

425.16

451.98

IN c6D6

351"24

b^e, A2

404" 8B

37 5"tt8

4t6"94

408 
" 
60

t+rg.22

Lt !> o t-¿

b2,7 AR

418" 44

387 "90

400,02

440"?6

392.70

408" 48

402.66

388.14

430" Bo

^
51"90

40. B0

2R Á2

4r"zz

22" 56

?3" 58

22,80

22"80

2r"36

22"86

34"62

33"36

20. !6

36.?.Lt'

?1 ?A

30.96

2t"t8

F
Ì\)
@



Table XV Á," (contlnued)

(24) 1-Erono-30/+-dichlorobenzene

COMPOUND

(25) 1 -Iodo-2 o 
ll-dichlorobenzene

(26) 1-Iodo- 2,J-dichlorobenz,ene

(2?) 1-rodo-J, 4-dich-l-orobenzene

PROT0l,¡

tt)

t1

?t
LL /

ll
1

tf

It
"6

..?

tt

a

H,
O

ft.,2

H

H,
o

'^ltY

f1

)
tt
LL/

L

ll

rt/
O

(28) 1-Todo-2,J-dichlorobenzene

ïN C6H12

450"79

429 "84

4)7"2.2

t,// ^/+oo" 1.o

423.0O

436"98

432"78

427.14

t+66.j2

&61"88

420"60

1+42"8o

437 "82

4a2"lL2

459"tt8

t125"ö4

436" og

406.92

(29) L-Fluoro-1,4-dichlorobenzeno

ÏN C,D,oo

LzZB"22

394"32

398.t+o

447,66

390"48

40t+" t6

?o,q 
"Á

394.32

++ (. )o

¿r/ro" 88

383"76

4r3.j4

4og 
" 56

)o.. (o

t+32.30

400" 50

402.48

372"9a

A

L4o )O

35.52

32"82

18,60

32" 52

2,2 A2

3t+"oz

32.82

L8. gó

21" 00

36"94

29.46

28.26

39.66

2' lR

24.5t+

JJ" OU

34"02

N)\o



Table XV A. (contlnued)

( lo) 1-Fluoro-2 , &-cibromobenzene

COItrOUND

(¡t) 305-Difluorolodobenzene

PROlON

¿ta

'^ c

11

LtaruA

rN c6Hrz

456"72

435"?2

409 "62

42g.go

3gB.BB

IN C6D6

435.54

402.30

372. t2

4æ"72

373.56

^
2!"r8

33.42

37.50

2r. !8

25.32

ts¡tu)
o



( t) loluene

(2) p -xylene

(3) Mesitylene

(4) p-Dimethor,ybenzono

(5)" p-0initrobonzene

(6) 2,4,í-TrIchlorophenol

(Z) 2,t+,í-Trllodophenol

(8) 206-Dinitro-4-chlorophenol

( g ) 2r3, 5,6-Tetrachloronitrobenzene

(tO¡ 3,5-Dichlorotolueno

ÎABLE XV BO

Proton chemical shlfts of various Folvsubstit.utod Benz,enes

(Hz to low tlield of T¡4S at 60 ¡4Hz)

COI{POUND PR0îCì'¡

ri no

ri no

r^'1 rrrr- -_'Õ

¡'l no

ring

z.i nø- -'^Þ

ring

tt ttuzo t"()

Hr,

ïN C6H12

ttzj"06

415"38

l+00","2

4oo" 86

I+9+"94

429" tB

477"90

487.26

45t+"32

4t6.Bz

42t+"92

IN C6D6

42)"90

4t7.t+8

402.54

404.2.8

44r.78

406.32

4j4" t4

435,00

392,34

399.06

420" !8

A

-0.84

-2. t0

-2.22

-3.42

53.76

22.86

t7 "76

52.26

6t"98

t7 "76

4'7t+

F¿\,
F
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ÎABLE XW .S,

sol-vent shifts ( A:q:\'?) of 1-substltuted-4-methytbenzenes (Hz at 60 rûtz)ç6u6

5U$ÈiåiriÉ.t'È-!' A(u" (+) )

Muz

NH2

0Me

OH

H

CI

Br

T

Ç0rMe

CN

Noe

-0.6

!.2

4.8

8.4

!0.2

19,?

2!.0

22"2

19.8

3t.B

36.0
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TABI,E XV'I B"

solvent shlfts ( AZ|$¿\ of 1-substltuted-3,5-dtmethylbenzenes (Hz et 60 MHz)

¿\1ur n6) A<iru)SUBSTTTUENT

M"z

NIIz

0Me

OH

c1

Br

ï

c0rMe

CN

Noz

-6.6

3.0

-6"6

6.6

'-1"8

2.4

3"O

t2"6

24.O

11. &

-11. 4

-7"?

-2"1+

!,2

13.8

15.6

16.8

t5.0

29.4

33.6



lalL

TABIE XW CN

sol-vent shifts (LZ;|¿') of 1-substltuted-2,4-dlmethylbenzenes (Hz et 60 ¡tiz)

,A(Bi A (Hs) A (E¿)SUBSTTTUBi{T

ML

OH

0cH

c1

Br

I
CN

Noe

-4.8

-3.0

-1.8

13.8

tl+.4

16" I
30"6

32"1+

4"4

-3,6

-5"4

10.8

7I"I+

13.8

29.4

28.2

-!"2

).4

L*2

,-2.4

-1,2

*!"2

16,8

7,8
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Spin-spln coupllng eonstants measured and calcul-ated by the

author are glven l-n Table XVIrl" Coupllng constants were calculated

by assurnlng addltlvity of substltuent effects (?3, 114). In Table IIII
the differences A.i U"t*een the coupllng constants in the rnonosubstituted

benzenes (10 w/w fi solutlons ln carbon tetrachl-orlde (1oB - 112)) and

benøene (ttS) are given.

IABI.E X1NI '

Effect of substituents on the protoq cgupling_constant,s in monq-

substituted benzenes

a tru
CN

I
Br
CT
F
Lrv2
NlIz
OH

0CHa
cwt
cH0

0"I2 -0.10
-0.07 -0.23
-0.10 -0"250.07 -0"26
-0"07 -0.30
-0"07 -0.19
-0"!5 -o.2?
-0.14 -0.28
-0" 1B -0.35
-0.01 -0"L2
-0.07 -0.05

0.41
0" 5t
0"7 5
0.86
7.37
1. 03
r" 76
!.34
1"37
0.tE
o':)8

l\,r
-0.07
0"38
0" 41
0"25
0.45
0. 11
0.23
0.37
o.39
0.73

-0.11

-0.01
-0.23
-0,23
-0.13
-0.26
-0" 14
-o.22
-0.20
_0,25
-0" 0B

-0.0¿t

Lt. A.l
0"26
0")g
o.5t
0.50
0,82
0.82
0.1{8
0"63
0"?6
0.10
0"20

oNumberlng 
beglns with the substituent.

Deflned as J1-J6 where Jg are the coupl_ings (t 0.04 Hz) in beirzene:
Jn= 7"54, J^= !.3?, J^= Õ.69 uz (115).
Iñ ttz hri-th ä probablevemor of not more than 0"05 Lfz, derived from
nonosubstituted benzenes in CCI4 (fOA - tt?).

For examplo, for the 1-X-2-T-4-Z-benzenes (forrnula I'XIIJ) the predicted

coupllng constants can be urritten with referonce to the monosubstltuted

X

rAV
XXV

(6)

ß)

(2)

3)
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bonzenes (fornmla XXV):

J=^Y^YZB-o J56 = llJrr" + L\t34- + A¡n o Jo

J^ = J3S = A,lrrx * Ltrut * Arr6t ,*t

Jp = J36 = a;3ex Lr3O" LrrU' ,nu

. -B B Bwhere Jo r J, , Jn- are the unperturbed eoupllngs ln benzene. using

thls procedure schaefero Kotowyczu Hutton, and Lee (?3) t **r" shor¡n that
ortho eoupling eonstants of 1-X-2-T-4-Z-benzenes are r¿el-l reproduced

(root mean squere deviations = O.OJ Hz) while meta and pera couplings

sho'¡ saturatlon effects.

The average deviatlon betr.¡een the ealculatsd and measured

ortho coupling eonstants glven 1n Table xvrrr is 0. !? Hz.



(1) 2,4-Dichloronitrobenzene

TABLE XWII

Coupl-1ne Constants in some Substltutgd Benzenes (Hz)*

No^
l¿Hoyft¡ct

,/vJ-Há -l -H3

CI
2. J-Dlchloronltrobenzene

NO^l¿
%Yfucrt( )l
crl t---/ \H3

,1,n4

COMPOTND

(2)

J .l(rn c6Hrz) .l(rn c5D5)

J3i

J36

JlA

ß) 1"4-Dlchloronitrobenzenê

ltt: 2."15? 2.2L3
¡a.ij.

"' 0.340 o"2gg

8"727 8,2L3

J3,r

Ja¿ .:

J,o6

8.41

o"3r

2" 5)

J(caleulated)

Jz5

Jz6

J56

2.08

0"29

8.93

8.52

o-3t

2.54

0"372

2.532

8.807

8"47

0"29

2.29

o.313

2.595

8.8 17

0"zg

2"39

8"93 frìs)
0o



îabl-e XVIII (continued)

COMPOUND

(4) 7,2,4-Trlrnethoxybenzene

IJ
ll

oCr_rs
(5) 2,J-Dlchloronit,iõbenzene

H:c

ocH3

(6) !,2,J-Trrmethoxybenzene

Jis

t36

J56

H:3

J(In C6H12)

2"696

0.222

8"666

?ÇHe

t+5

J 
116

r56

J(In c5D5)

oc H3

2.806

0"222

9.754

ocH3

J(ealeulated)

t,ns

2"78

-0.06

8.89

9.773

t.512

B" 190

8"343

8.04

t" t7

8.50

8.387 7.94

t¿
\^)\o



Table XVIII (conttnued)

COMPCUND

Q) 2,J-Dlmethoxychlorobenzene

CI

CH

(8) 3-Chloro-4-fluoronltrobenzene

o
3

ocH3

F

(9) 2, 6-[rinothox¡rt,oluene

J j,n

J^,)o
J46

J(In c5Hr2)

2

f

8.973

0.313

2"987

cH30

tr5

Jz6

Js6

J.. _ilzr

J,. *H 'H'")'
ttrt

t3+

J(In c5D5)

Hí3

8.987

0"226

3,038

OCH, I

0"305

2.735

9.o27

6"294

7,77?

4"07t

8.34

,I( ealculated )

H3

9. t3

o" 06

2.87

0.308

2,778

g 
"027

6.35?

g. t75

4" r50

8"33

0.16

2" 59

9"25

8. 11

tsÈo



J(ealculated)

g.0g ?.96

¿(In c6D6).r(In c6Hr2)

7.gB ?.go

J1.+ B.o5

Þ€
F

L.789 1.?O

t3+ 8"oz

Tab1e XVIII (continued)

COI4POUND

(tO) 2,6-Dlchloroanlllne

Jz| t.731

\
( tt) 2,6-Dlbronroanlline

C

\He
Br -.-¿\.g.t( \t
,-,lVl,"5T"3

Hq

3, 5-D1chloroanlllne

NH^
l¿H^1.f-H-6T( \I ,2

t\ tl
cr^VAcrl-

\

Itñ

(tz¡



Tab1e XVIII (contlnued)

COI.ÍPOUND

(tl) 2,J-DLchloroaniline

\
( t+¡ 3,5-Dlchl-orobenzaldehyde

cf-ìo

H.4
( 15) J-Ghloro-4-Bromonlt.¡obenzene

t j,n

Jed

J tr6

J(In C6Hrr) J(tn CrD6) J(calcutated)

g. !B 8,4?? B"3g

0"30 0"267 0.2!

2"35 2"4U 2.2!

H^-o

Jzu

H6

t"97

Jzs

Jz6

*r 56

1.91+

0.308

2,563

8"?64

7.92

0.311

?.599

8.784

0" L9

2" 55

8.9'+
l¿F
¡\)



lable (contlnued)

COþ'POUND

(te¡ 2,4-Dlehloroant1lne

H-.
6

CI

( tZ) J, J-ûtchlorobenzonitrll-e

CN

Hí
3

IHoÌÑHz
crÁV\cr

I

Hq

( tel 2"6-Dlehlorobenzaldehyde t1;+

CHO
I
Icr-I^rcl

Hi\4*u
tJ,4

035

r36

J.,
)o

.l(rn C6Hr2)

2.356

o.28 1

8.548

J(In CzD

JZ4 1.90

2.369

0.280

8. fr6

.I( caleulated )

2.2.0

o,zl

8.59

L.95 1.82

8. L0 g. ol+

lrF\¡)



lab1e XVIil (contlnued)

COMPOUND

(tg) 1,2-Dlmetho>qzbenzene

(20) 1n3-Di.chlorobenzene

CI
I

H4

H3

J34' J56

Jis, J116

J3e

t+5

H,^.
()

H,/alr
3

J(In C

çZt) 3,5-Dlchloronltrobenzene

Hz

H.. )

\

CI

NPt
tu1fr¡t,
crAl\cr

J(rn crnr)

Jz4

Jz5

J+5

B"o2g

t" 52Lr

0"227

7.577

J( ealeulatod )

7"99

0"35

8" 0g

H,4

8.1.2

1.41

0. t9

?. t8

JZU 1.86

2.00

0"35

B"!2

t.g7

0.43

B. 11

r.87 t"?8

l¿FF



lable X\rIII (contlnued )

COMPOUND

(22) l,J-Dichlorophenol

OH

H-.
()

\
(2Ð l-Bromo-2, U, 5-r"r."hlorobenzene

r-l\-l

åz

CI

J

H^-()

CI

(24) 1-Fluoro-? uJ u4-trlehlorobenzone

F

Jz| t"76 !.?B 7.6g

J(In c6Hrr) .l(rn crD5)

(-l
\-I H3

H^-o

J1¡6 0"30

CI

CI

J(eatculated)

t:,a

JF' H3

Jp' H5

0.30 0.07

0"36

6.99

B"T7

0.36

7 "06

8")9
lJ

ü



lable XìÆII (conttnuod)

coÌæouND

(25) 1-Iodo-2 o 
bu 5-trlchlorobenzene

I

H^-
Ð

CI

(26) 2, 6-Dlchloro-3-nitrotolueno

CI Hg

t14

(2?) 2 u3,6-Tr].chÌorotoluene

J36 0,?4

H6

J(In c5Hrr)

Noe

.l(rn c6o5)

t 
to|.

0.25 o"o?

8"70

J( caleulated)

t rr5

8"73 8.gz

8.60

FFo\



Table XVIII (conttnued)

CO}ÍPOUND

(28 ) 2 u4, J-TrLchloronltrobenzone

*,ot

%Ìôl-
cr^Y

-\l\-t

(29) J,J-Dlrrrethylanillne

CI

H3

NH^
l'H6l-^lH2

t\ )l.uiY cHg

J16

(:o) 2u40S-Tricblorotoluene

J(In C5H

\

o"j6 oJ5

2)

H^-
o

r- LJt,' '3

J(Tn c6D

Jzu

Ct

CI

(t"32¡

* standard devlatlons ere in rnost eases l-ess than t 0"03 Hz"

.I(calculated)

Jt6 0.30

0" 76

(t" 5z) 1"47

0.31 0.22

Þ
F\)
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