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- ABSTRACT

The proton chern-ical shifts and coupling constants

of 'twenty-three polyhalosubstituted benzenes have been

determined in cyclohexane and carbon tetrachlorj-de. A rough

correl-atj-on of the chenúcal shifts with the sum of the Qrs

of the orùho substituents was found; it is not, however,

useful- as an empirical tool. Attempts to predict the chemical

shifts on the basis of previously proposed additivity constants

failed.

Àssuming the additivity principle, the chemical-

shifts are correlated by introducing a new rrortho-metarr con-

stant, A (X-y), which pairs the substituents X, ortho to, and

Y, met& to Lhe proton. In this way it was possible lo take

into account the sterj-c interactiori which must be operating

in molecul-es as highly substituted as these.



TABLE OF CONTENTS

CHAPTNR

I INTRODUCT]ON"

II THE CHE}iICAL SHIFT

A - IN'IRODUCTION.

B - THE OR]GTI]S OF THE CHEIVI.]CAL SHIFT" ....O'

I" Lambts Formu-la

2. Ramseyls Formul-a

3. Further ExLensions of 6
g - ANOI'iALOUS BEHAVIOR AND iviAGNETIC ANfSOTROPY".. . . . o o

l" Anisotropy of a Neighbouring Group . r , e Ð. ø

2. The Ring Current Effect

I]I CORRiT,ATIONS OF THE HI CHEI'IICAI SHTFT IN BENZENES.OON"

A - ]NTRAIV]OLECUL,A'}ì EF¡-ECTS

B - MONOSUBSTITUTED BENZENES.".. ......C

C - DISUBSTITUTED BENZENES

D-THEQEFFECT.

IV TH]i NATURE OF THE PROBLEI4"

V Ð(PER]}frJNTAL... ". "

A - I'IATERIALS"

B - }IÙASUREM}¡NT OF THE SPECTRA"

V] FÆSULTS.

PAGE

I

)

A

a

to

T2

L2

IO

117LT

l_8

20

22

23

25

26

¿(

28



VII NTCNTTqqTN'I\TlfJUVUU¿VI!... .

A - TESTII\]G THE Q FACTOR.

B - TESTIhIG ADD]TIVITY RF,LATIONSH]PS ....E.."

C - PIìOPOSING A NI;i/ü IlrfIRICAL ivmTHOD... . . o. o e

A DÐT'\TNTY TAl M!UI^ I....

APPEND]X II...

ÁPPENDIX ]I]".

BIBLTOGRAPHY".

5

7

a

I

4<

l+5

57

ol-



LIST OF TABLES

TABLE PAGE

I Proton chemical shifts of polyhalosubstituted

benzenes with respect fo benzene (ppt) 29

II Compari-son of the experimental chemicat shifts
with those predicted using do, d,n, and do
/ n rr ^,s solvent)...\ u6 nl2 ø.s solvent). l+2

III trOrtho-rnetail constants for X-Y combinations

when C6H12 is the solvent ..o.oo. l+5

IV Comparison of the experimental chemical shifts
with those predicted using A and do val-ues
/¡ tt ^-; sohrent)..".\ v6t-Llz as soltrent).. ". 46

V d. values for halogens when CCla is the solvent'.." 48
h

VI "Ortf,o-n"tart constants for X-Y combinations

when CCla is the sol-vent 49

VII Comparison of the experimental chemical shifts
with those predicted using A and d^ values

p
(Ccto as solvent).. . 50

VIII Coupling constants in polyhalosubstituted

benzenes (Hr). .. o ô o. ô. ,+

:fi; Cornparison of the experi:nental chemieaJ- shifts
(f,rom. othen sonrces) r^¡ith those preùicted'

.Au.si:ig A ainå d-,, values..'.o ooooooa'oocooo..B. 53



L]ST OF FTGIIR$S

FTGURE

1. The spliiting of the energr leveIs in a

nagnetic field for a nucl-eus r¡ith ï- 1

2" The shielding of acetylenic protons (a) in
terrns of paramagnetic currents ana (b) in
torr"ns of ùiamagnetic anisotropy .. ' 1/¡-

1" The deshielding of protons in Lrenzene.. ..,.. L5

L+" The eomplete proton specirum of a 3 mol.e'lá

solution of I-bromo-3, 5-dichlorobenzene j-n

carbon tetrachlori-de, o.. o. , ". 32

5. The complete proton spectnra of a 3 mol.e{.

solution of 1r2-dichloro-4-j-odobenzene in
carbon teirachloride.c.... e...e."" 33

6, The complete proton spectrum of a ) moJ.eil

sol ution of L 12 rlaeJ-tetrafluorobenzene in
carbon tetrachloride. ô o. c c o. .. c . ". 3)+

? " Á plot of tire proton che¡nical shifts (in
ppm from benzene) of polyhalosubstituted
benzenes in cyclohenane as a function of
the sura of the Qls of the orbho substituentsoocô..o,". 38

8o .A ptot of the proton chernical shi-fts (in ppm.

from benzene) of polytralosubstituted benzenes

in carbon tetrachloride as a firnciion of the
sr.m of the qts of the ortho substituents.n ooo.. u. 39

g, A plot of Ô corr of polyhalosubstituted

benzenes in cyelohexane as a fi¡nc'U:-on ofIQ, . . " o o. c. o. l.¡,7-

P}AGE



Chapter I

INTRODUCTTON



TI\rINODUCTÏOì,ü

The basic theorry of nuclear magnetic resonance (tmm') is
*

covered in rnarry books çf-l)-, A brj-ef revien w'iLL be presented' ín

this chapter.

Thephenomenonofmagneticresonancecanbeobserrredon-ly

if the nucleus has a spin I and a magnetic momen'u /;! " I, knovrn

as the spin quantum ni¡nber, is the ma¿imuro' measurable component of

theangr,il-armomentr:raresultingfromacircu-lationofmassabouta

given a.:cis. I may have values 0, L/zt Lt 3/2t c"'o !' ' 
kno"nT as

the nuclear ma.gnetic moment, arises from an associated circulation

of charge and. is given, in vector fonn, by

tt 'Y-l?' -ll oT
lL: I *!'- Á oo=

(1-1)

,othere / is the magnetogÉic ratio ' T: 0 for nuclei r¡ith even

mass nunlcer a¡d even atonie nr¡nbero ! is the spin vector, 4 o i"

the nuclear magneton and g is the nuclear equivalent of the Landé g

factor for electronso Hence a spi-nning nucleus can be regarded as a

Ëínybarmagnetplaced'alongthespina.xis,theso-ca-1lednuclear

nagnet o

Infield-freespace,theorientationsofthespiruring

nuclej- will be random but the angrrlar nomentr:m vector must stj-l*L be

such that j-ts cornponent,s along a particular reference directi'on are

given by I, I-Lt L-2t o,o.e Oe oooe, -(I-2), -(t-t)' -r' The

* These can be considered. general referencesu from rn¡hi-ch much of
the first, three chapters find their substancen



energies of these 2I*l orientations are degenerate" The application

of a magnetic field Ho defines the reference direction and fifts the

degeneracy. The splitting of the energy levels in a magneùi-c field

is known as the nuclear Zeeman splitting. This is illustrated for

I:linFig.Ì.

//'t

--

\ \.\\
\ \t

\ \ \

N0 FIELD APPLIED FIELD (olong z- oxis)

Fig. 1: The splitting of the 
"nu.*U 

levels in a magnetic fiel-d
for a nucleus with l :1"

The energy of interaction between the nuclear magnet and

the magnetic field is

.ï

Energy

, tlWnefe /L( "'fl

-. ^-i trrd o¡u461¡f u qqv

can assume

IIL :-É'Eo

E : -TT-,Hl*H -o

is the component of

times colli-near wi-th

1 tt l-r_s Ar_ven oy mltmax/ r...-l

values I, I-1,

\L-4 )

(1-3 )

lL atong H^. The magnetic moment /l.--o
the angular momentum vector and its

where m, the magnetic quantum nurnber,

o, -(I-1), -I. Therefore,
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following from equation (t-I),

lfu = oe&o

and the potential energy of the magnet in the field is

E : -m8//oHo

The separation of adjacent nuclear energy levels is then

Â - tt ¡t -/nUAL:8Á4o'to:, o

I l-1 |

\r-o/

\a-.',,

Subject to the selection ruJ.e Im: t 1 (ó), transitions can occur

when the nucleus absorbs electromagnetic radiation of frequency U

such that the Bohr frequency condition is satisfied

l-l rl\

This is the resonance eq-uation which applies to ltliulR"

Classically, the magnetic momentum vector L precesses

about the magnetic field vector Eo as a result of the torque exerted

by H-, tending to align ¡U. with H^, and j-ts intrinsic mechanical" o' -o'
spin, counteracting this ùendency" The angular frequency of precess-

ion is given by

u o: zTû):THo

u:*4+: #

which is precisely equal to the frequency of electromagnetic radi-

aùion necessary to induce a transitÍon on quantum mechanical grounds.

A second magnetic field, Hr, applied perpendicuÌarly to Eo,

urill change the precession into a nutati-on. tt E, rotates at the

same anguJ-ar frequency as the magnetic momentum vector, the angle 0

between // and Eo will increase constantly until- the nucleus will

'rtiptr into a new orientation with respect to Eo and an absorption of

energy occurs, giving rise to an Nivß sígnaln



Chapter II

THE CHEMICA], SHIFT



A- II\NRODUCTÏON

In Chapter I it was tacitly assumed that ïre hrere dealing

with a bare nucleus, stripped of its el-ectron(s) a si-tuation

that is not realized in practice. The exLranuclear electrons under-

go Larmor precession about the directi-on of the applied field and

shield the nucleus so that the field nfeltt' by the nucleus, HIocaI,

wiII be less than the field applied to the molecule, Ho. This can

be stated (?) ""
-. r¡ r( ,,

H : N I l-t I 
)"local- "o'-- v \¿-L )

where Ó ," the shietding constant, a posj-tive quantity which depends

on the electronic environmento Reference to equation (Z-f) shows

that the resonance frequency of a partj-cular nucleus will vary from

one environment to another. This difference or shift in the reson-

ance frequencies is known as the cherai-cal shift" It is seen from

equation (Z-f) that the chendcal shift depends on the electron density

about the nucleus, characterized by Ú , arra, the applied field Ho.

The resonance line positions are usual-Iy specified with

respecr !o some reference" Today the most commonly used reference

in proton magnetj-c resonance i-s tetramethylsilane (TMS). It is con-

veni-ent (8) to e)qgress the chemical shift as a dimensionl-ess parameter,

0 (i" uni-ts of parts per nrittion), defined by

A H-HI]:GFV-o ,,-
11r

(z-z)

when H" and H, are the resonant fi-elds of the sample and the reference

respectively. This avoids the necessity of stating the applied field



at which the experi¡rent is being carried out. The cheraical shift

can also be e:pressed in terms of the shield.ing constants (!),

nameJ-y

^ 
: ó-ó (z-l)urs uT "s

The sign convention for Ó is reversed from LhaL of ( (1O).

Tiers has introduced a system of {-values (ff) for use ínstead

cof O , where

T: ro- 0 Q-u)

Chemicat shifts were first observed in 1949 by Knight (I2)

who found differences in the P3l resonance positions in several

salts, Sirni.J-ar effects were found by Proctor and Yu (13) when

they observed two peaks for the Nl+ nucl-eus in NH¿?N03" Dickenson

llr,l fonnd re-lated effects for ¡J9 resonance and Lindstrom (15)
\!/+/ av4¡¡

and Thomas (f6) first observed. the chemical shift for protons.



B - TTIB ORÏGINS O}- TIJE CHEMICAI SHIFT

The theory is actually an extension by Ramsey (f7) and

Pople (fB) of the theory of di-amagnetic susceptibilities. All

theoretical attempts so far have been concerned with the mathemati-

cal- formul-ation of 6 , the shielding constant. Following a method

used recentty (Lg), Ó can be decomposed into several contributions

as follows:

6:Ú {6u*Ú¡Úr*6f6, \4-) )

,.<.r<where O *:-" the contribution of an isolated gaseous molecu-l-ei U gr

the contribution due to the buJ-k diamagnetic susceptibility of the

-/solvent; O ^, the contribution due to the anisotropy in the suscept-
4

ibiJ-ity of the sol-vent i 6,.,, the contribution from van der lüaals, liv-

interactions; 6-, tn" contri-bution from the reaction fiel-d effect,

and. Ú^, t¡r" "ori"ibution due to complex formation, The last five
U

contributi-ons to d *ut" first suggested by Buckingham, Schaefer and

/n¡\Ðcnner_oer \¿u ) "

AÌl excepL 6 
^ 

are seen to be sol-vent or intermolecul-ar

effects and will not be d.iscussed further. The experimenbal condi-

tions used are such that the sol-vent effects should be minimized and

essentially constant. d r-, itu" been further decomposed (Zf ) into

fou-r contributions as

rí ód,, óP- f I *6 (.2-6)uG: tGG*ucb* Í7.'' GB+uGrring \
Lr 1--D

..<d..iþwhere O,f, ana O Cã are the diamagnetic and paramagnetic contri-

butj-ons from the electrons of atom G; d*U i-" the contri-bution from



the B substituent anisotropy and 6^ -^.-- is the contribufion due
" GrrLng

to ri_ng currents" These j-deas w'ill be expanded further in the

remainder of this section.

I. Lambls Formula

Larrrb (22) first attempted to calcul-ate the screening

constant for a free atom in an S state. A diamagnetic circul-ation

of the electrons about the nucleus i-s produced upon applicati-on of

the magnetic field. Associated with this is a secondary magnetic

field at the nucleus, directed oppositely to the applied field" The

end resul-t of such a calcul-ation is
* ^ a*

: l.'ll øÉ IÕ _ 4tt 
= 

I ^/ \ul : 3^"7 J rlJ\r) or
ô

\.-( )

wherep (") is the electron densi-ty at a dj-stance f from the nucleus.

,-/ .4 dO hcr-e co*esnonds to O ^Ï in equation (Z-6)' This is known asv ---GG---

Lamb¡s formul-a and i-s only true for atoms with no resul-tant orbital

or spin angular momentum"

2" Ramseyrs Formul-a

nansey (17) carried. out a second-order perturbation calcu-

l-ation which considered the magnetic interactions between the elect-

rons and nucl-ei of an isolated molecu-l-e placed in a uniform static

magnetic field. Equation (2-8) is a simpler and less accurate ex-

pression for RamseYls formuÌa.

\2
-a ñn i :"-;-' " ÒQjòPx

where [ ø is the mean exci-tation energy for

the electronic charge and mass respectively,

an electron, e

^ ic *ìra qnoarìv fu v¡¡v

(2-8)

and m are

of light,
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,o iu the charge density¡ f- is the d.istance from the nucleus in

quesfion, I ís Planckrs constant divided by 2T,¿ is the operator
dQ

for angular momentum about Lhe z axis. The two terms in his formula

correspond to rrdiamagneti-crt and rrparamagneticrr shieldings. The first

term resembles Lambrs formul-a and is a measure of the shieldine if

the whole electroni-c structure of the molecule rotated about lhe

nucl-eus in question. The second term accounts for the lack of

spherical s¡rmmetry in a molecul-e and corects for the hindrance of

the electronic circufations. It corresponds to 6 å in equation

(2-6). lt calcul-ation of 6 -- involves a knowledge of the exact"zz
molecul-ar wave functions of the sround and the excited states and

these are seldom known. The two terms are usually of comparable

magnitude but of opposite sign; consequently, such calculations

have been caruied out for smal-l molecules orly Q3-ZS).

Further Extensions of Ú

Saika and SlichLer (26) and lvlcConnefl (27) found

veni-ent to subdivide the shielding further" Hence, for a

úr:61* órv *6rr
where ó.d anA 6.P "o""."nond to Ramseyrs diamagnetic and para-*..* " i

magnetic terms and d* f i" tn" term arising from distant atoms r"¡ith

anisotropic magnefic susceptibilities" 6 .t corresponds to L Ó..a CEg LrÞ

in equation (2-6) and will be discussed further in the nexb secti-on

of this chapter.

it con-

nucleus i,

(2_e)

It is also found that the nagnetic environment of a nucl-eus



l_l

is influenced by interatomic currents. This idea was fj-rst

suggested by Pauling (28), and has led to the calculation of

dj-fferences in the shieldi-ng constanls between an aromatic proton

and ethylenic proton. This point wii-l be discussed l-ater to ex-

plain anomalous effects found in aromatic compounds.

The proton chemical shift has long been assumed to re-

fleet the pi electron density on the particular carbon atom in

aromatic molecules. Fraenkel et aL (2g) and Musher (30) trave

shown theoretically that

A 0: kAp

^cÂnwhereAO i" the proton chemical shift rel-ative to benzener^lJ

is the loca1 rrexcessrr charpe on the carbon atom to which the

proton is bonded, and k is a constant having a value of approxi-

mately tO ppm per el-ectron. Equation (2-I0) has been experiment-

ally demonstrated (29r 3L-34), but there appears to be some di-s-

agreement over the value of k (33,35). This equatj-on also lmplies

that chemical shifts and electron charges are additive, as has been

shown by Schug and Deck (3ó) and, as we shal-l see later, is the

basis of the additivity pri-nciples that heretofore have been pro-

posed.
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c - ANOMALOUS BEHAVIOUR AND IiAGNETTC ANISOTROry

Since the chemical shift shouJ-d, in principle, provide a

direct measure of local electronic and magnetic environrnents, it is

not unreasonabl-e to etçect a relationship between the shift and the

acidity of a proton. It turns out that this is a rough correlation

only and some protons show anomalous behaviour. For example, alde-

hydic and. aromatic proton resonances occur at l-ower fiel-ds than their

aci-dities woul-d suggest. Moreover, the aci-dic acetylenic proton

resonances occur to higher fiel-d than expected and their frequencies

li-e between those of ethylene and ethane. The interpretation of a

chemical shift is often complicated by the fact that the shielding

of a nucleus is very sensitive to changes in the mofecule as a whole,

and the above anomalies have been explained in terms of magnetic

anisotropies" This is subd-ivided into lwo mai-n effects, which wi-ll

now be dÍscussed"

l-" Anj-sotropy of a Neighbouring Group

The magnetic environment of a nucl-eus will also depend on

the circulation of electrons on neighbouring atoms" These ci-rcul-a-

tions are ind.uced. by the applied fietd and niay be either dj-amagnetic

or paramagnetic in nature. One usually evaluates this effect by re-

placing the currents with magnetic di-pol-es at the centre of the

neighbouring aloms. If the magnitude of the induced currents vrere

i-ndepend.ent of orientation, the effect wouì-d. average lo zero over all-

random orientations of the molecul-e. However, a local anisotropy in

the magnetic susceptibifity exlsts and on averaging over all orient-
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ations, there is a secondary field produced at the nucleus due

to these distant currents.

The mathematical treatment has been developed by Pople

(37) and McConnel} (27). For an H-X bond of cylindrj-cal symmetry,

McConnellrs e>çression for the contribution to the shielding of

the H nucleus,A C, i"

Lú: Ax (t4 coszQ ) \¿-Lt )
)Lþ

where R is the seÌ¡aration between the H nucleus and the point
/\

dipole on X; A is the angle between the R vector and the direction

of the applied,field;AX, the l-ocal magnetic anisotropy, is defined

by

L X: X,_ XL \.-Lt )

where XO ^na X ,^r. 
the magnetic susceptibilities parallel- to

and perpendicular to the H-X bond axis"

The magnetic anisotropy of the tripJ-e bond in acetylene

has been treated by Pople' Reference to Fig. 2 shows that if the

linear acetylene molecul-e lies perpendicul-ar to the field, para-

magnetJ-c currents on the carbon atoms arise from the mixing of the

ground, state with the 6 '7T excited states.
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Fig. 2: The shiel-d.ing of acetyì-enic protons (a) in terms of
paramagnetic currents and (b) ín terms of diamag-
netic anisotropy.

l¡'/hil-e the induced or local field is paramagnetic at the carbon

atoms, it is diamagnebic at the H atoms, giving rise to increased

shielding. If the apptied fiel-d now l-ies parallel to the molecufar

axis of acetylene, only dÍ-amagnetic currents, due to the circulation

of ihe pi electrons in the triple bond, are possible. Again, this

gives rise to increased shielding at the H atom and the proton

resonance in acetylene occurs to higher field than is expected"

The paramagnetic term may work in the opposite direction,

as il-Iustrated by the carbonyl group" Vrlhen the directíon of the

apptied field is in the plane of the trigonal carbon atom, para-

magnetic currents are induced about the carbon and o)rygen atom and

the field at the proton is augmented, corresponding to a deshielding'

2/- moleculor
orbilols

I

^{-----\/ n-l----'-¡ ì
H-+10 | $fW-:J
No diomognetic
circulotlon in
fhis orlentolion

+

I

I

{

Induced
poromognellc

dìpoles

/\
/ ll \
/ ll \

,r'-'.¡i-l \.lr'-'...

{-ô-ô-Ét\--rr,".... 
rrÂ.-.r/

tl
tl

1tlr-lHo

ll
(a)

t
H^

t-
(b)



The inducti-ve effect of the carbonyl group also

magnetic term.

2. The Rins Curent Effect

This is due to the

the aromatic ring system

Fig. 3. The pi electrons

---

of

in

reduces the dia-

unusually large magnetic anisotropy

(¡S), This is illustrated for benzene

behave much like charged particles

þ,þ\
bì

.¡Jr
, 

r,1,

L' LEi. ) .

free to move above the plane of the sigma framework in a circle. The

direction of the current, according to Lenzts law, is such as to

gi-ve a diamagnetic moment opposed to the applied fiel-d. The magnet-

ic lines of f1ux, however, at the protons are paralnagnetic, and the

nucleus is much less shj-elded. Consequently, aromatic proton res-

onances occur at loi¡,¡er field than is erçected, Several approximate

methods have been developed to calculate the ring current effect

and the reader is referred. to the following sources (39-48).

11ttttlt-tl
¡l

The deshielding of protons in

I
I

I
I

I

benzene.
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CORfiELATIOiIS OF THE HT CHE}TC.AL SHIFT IN BENZENES -
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A - INTERiìAOLECIJ,4R- EFFECTS

Solventeffectshavebeenshowntobeimportantin

aromatic compound.s (tç). Therefore, these effects must be con-

sidered if the data is to be meaningful; they may be nininrized

by stud.ying all the samples as infinitely ditute solutions j-n

inert solvents. Practical considerations limit the extent to

which samples may be diluted and a concentra.tion of J moLe fi

or l_ess is often taken as a reasonable approximation to the

t'isol-ated molecul-er' (50) 
"



la

B - MTONSUBSTITUTED BENZENES

Using deuterafed derivatives, Spi-esecke and Schneider

lql ) et.rrrlierl f.he effects of various substituents on the Ct3 and\./L.t e

gl chemical shifts in monosubstituted benzenes. The Cl3 reson-

ance shift was assumed to be a rneasure of the total electron

density on the carbon nucl-eus. After applying anisotropy cor-

rections- the Ct3 shift of the carbon attached. to the substitu-¡vvv¿v¡¡g,

ent X correl-ated well with the el-ectronegativities of X" Hence,

at this position, magnetic anisotropy and inductive effects of X

predoin-inate. The Ct3 shifts at the ortho position coul-d not be

fulty expl-ained'but again these tr¡ro effects appeared to be p::esent

particul-arly magneti-c anisotropy for the halogen substituenfs" The

resonance effects of X are felt at the para carbon, changing the

pi electron density, Here, in the absence of other perturbing

effects' the chenical shift may reflect changes in the pi electron

densities. The proton chendcal shifts exhibit features similar

to the Ct3 shifts; thus, the ortho position is infl-uenced by the

magnetic ani-sotropy and ind.uctive effecùs of X, the meta position

again remai-ns unexplained, and the para proton shj-fts parallel

the para carbon shifts. After a critical examination of the

validity of coruelating chemical shift data with chemical react-

ivity parameters, such as llammettts do a.rO d,n constants (52)
-t

and Taftrs (J - and (J- constants (Sg), Spiesecke and Schneiderr' l1 l_

found a rough correlation between the Cl3 and Hl shifts at the

para position with Hammettrs d- "onstant, 
and no correl-ation

l-



:r ìrr: .f...:.

lq

for the meta shifts.

Bothner-By and Glick (Sln) t in a study of specific

medium effects, al-so found that resonance and inductive effects

predominated at the para position, fitting their data to an

equation H - H - : -5,g Ún, where Ho i-s the extrapolated H for
-olJ

benzene and the Hrs are exbrapolated resonance positions for the

para posi-tj-on j-n the monosubsfituted benzenes"

The first work done on monosubstituted benzenes, by corio

and Dailey (55), was an attempt to find the relative electron

densities in monosubstituted benzenes from the chemical shift data"

Thei-r work is of lim^ited value since solvent effeets ney weJ-l have

been important (50 mote I solutions in benzene were used)' None-

theless, they classified. Lhe compounds according to their ability

to change the el-ectron density by inductive and mesomeric (reson-

ance) effects and concludect that such polarization effects are im-

portani in determining the directing influence of a substituent"

They also found that the para proton shifts correlated wi-th the

Hammett values.
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C - ÐI$UBSTTTUIF,D BENZENES

Diehl (56) foun¿ that the proton chemical shj-fts in meta-

and para-dj-substituted benzenes could be predicted using arÍ additiv-

ity relation" ïn thj-s rvay, he evaluated characteristic ortho,

neta and para constants ($o, Im and Sn) for eleven substituents,

He found, however, that such an additivity relation did not precì.ict

the shift's i¡ ortho disubstituted compoi:nds. The constants So, Si,

and $^ correlated roughly with Ha¡runetüts 6^" Diehlts work has been
Y}J

exbend,ed by $mith (n), eva-luating S constants for fifty more sub-

stituen'Ls and. exbendi-ng the correlations of the Sts lrith Ú .
p

Brey and Lalrson, j-n a private connrunication quoted in

Ðns1ey, Feeney and $utcliffe (58) report that they attempted. to

preùict the che¡n:ical shifts of protons in polysubstituted benzenes

using a procedr:rs sinri'lar to Ðieh1rs, The protons in halosubstituted

benzenes and in meta-disubstituted compounds did not conform to the

adùitiv:ity relationo

Diehlrs procedure has been refined by Marbj-n and Daj-Iey

$g), They were abJ-e to predic'b the chemical shift in para-disub-

stituted benzenes by the forrnula
,f - /-\O = ao (q) + (nt) a* (nu)

.^where O is the chemical- shift of, the proton orbho to substituent

\ and meta to substituent R¿r do and fo are ortho and meta sub-

stituent constants and T ,, are polarizabiliti-es. The para.neLer/

j-s a measure of the susceptibility of the posítion ortho to R to
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pertuïbation by substituents para to R. T d.ecreases as do

increases. Reasonabl-e accuracy is obtained i_n predicting

shifts in meta-disubstí'r,uted benzenes and shifts meta to the

substituents in ortho-disubstituted benzenes; the additivity

princlple fails for protons next to the substituents in orLho-

disubst,ituted benzcrìes ¿
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D - THE Q. E}-FECT

Anomal-ous behavi-our had been noted for protons ortho

to halogen substituents in monosubstituted benzenes. The ortho

shift d.id not coryelate with para proton shifts or reactivi-ty

parameters (5I). Diehl- (5ó) atso found that, while his So

values correlated with 6 ^, there were two different correlations¡
v

one for the halogens, and another for the remaining substituents

studied. I-lruska, Hutton and Schaefer (ó0) have found an empirical-

correlation between the ortho shifts and a factor Q" Q equals
t4

p / lr¡ ergs-J , where P is the polarizability of the C-X bond,

r is the c-x bond length and I is the fi-rst ionization potential

of atom x" ft appears that the shielding of the ortho proton by

these substituents is due to an lncreased paramagnetic term in

Ramseyrs equation since the correlafion i,r¡ith l-/ f i" almost as

^ l- ^'good. as 1{¡l-tn f I IT'.



Chapter IV

'.I]HE NATUNE OF TI{d PROBLE}4



2l+

THE NATURE OF THE PROBLEI{

I'{onosubstituted and disubstituted benzenes have been

sludied in order to j-nvestigate the factors affecting the proton

chemical shifts in aromaLic compounds. The proton cherl-ical shifts

of disubstituted benzenes have been predicted, wi-th varying success,

by an additivity relation, giving general-ly poor results when the

substituents are halogens. The Q factor has been proposed to cor-

relate the chemical shifts of protons ortho to a halogen"

It is the purpose of this investigation to correlate

the proton chemical shifts in tri-, t,etra-, and pentasubstituted

benzenes, where the substituents are the halogens.



Chapfer V

EXPERIIVjIJNTAL
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A - JIIIATER]Á,LS

The chemicals used were obtai-ned from the following

companies:- (f) ltarich Chenrical Co., Inc.; (2) Pierce

Chemical Company; (l) Eastman Organic Chendcals; (4) Mtatheson:

Coleman and BelI; and (5) K a K Laboratories Inc. They were

used without further purifì-cation, since any lines due to im-

purities were easily recognized; in any case, spurious lines

were found in only two spectra.

The preparation of l-bromo-3-chloro-5-iodobenzene

followed an eight step procedure due to Aul-t and l{raig (ól).

The procedure was reduced to two steps by startlng with an

i-ntermediate compound, 2-chloro-d-bromoani-1ine, obtained from

the Chenical-s Procurement Laboratories,



B - IVEASUREIVENT OF THE SPECTRA

The samples hrere prepared as J mole f sotuùions in

carbon tetrachl-oride and cyclohexane" In certain cases, the

compound did not dissol-ve to this exbent and ùhe salurated

solution was used" Ivlost samples, especially those which gave

rise to mul-ti-l-ine spectra, were degassed on a vacuum l-ine" A

concentration of J mole fi ís considered as a sufficient approxi-

mati-on to the rrisolatedrt molecule. Concentrati-on studies on

benzene and lrJr5-tri-bromobenzene showed that from J moJ-e fi

downward, there is negligibl-e shift of the resonance frequency

due to a concentration effect.

AJ-l- measurenents were performed with a DA-óC-I Varian

spectometer using the sicÌeband technique. The use of tetra-

methylsitane (tivS) as internal- reference elj:ninated any

correcLions due to differences in bulk diamagnetic susceptibilities.

The samples were contaj-ned in glass tubes of { mm inner diameter and

J mm outer diameter" The temperature of the sample, as deter-

mined by an ethyleneglycoJ- calibration graph, was 28"J"C.



Chapter VI

RESULTS



TABLE I

PROTON CHIXVIIC,AI SHIFTS OF POLTHALOSUBSTITUTED

BENZENES WrrH R3SPECT TO BENZEhIE (PPM)Ï

Compound Proton In C6H1 2 In CCla

(1) Benzene

(2) LrJ rJ-Lrlbromobenzene
(g) L rj,J-'urichlorobenzene
(¿- ) L r2,3 ,l+-Letrachl-orobenzene
(¡) L1213 tt+-Letrafluorobenzene
(6) Ir2rl+rJ-tetrabromobenzene

Q) L 12 r4 rl-tetrachJ-orobenzene
(S) L 12 rl+rJ-tetrafluorobenzene
(ç) L13 rt+r5-LeLrafluorobenzene

(10) Pentachl-orobenzene

(ff) Pentafluorobenzene
(f Z ) l r /¡-dibromo-2 r l-difluorobenzene
(13) Lrj rJ-Lrlbromo-2-iodobenzene
(rt) I12rJ-LrichJ.orobenzene

(f5) l-bromo-J, !-dichl-orobenzene

(1ó) trl-difluoro-5-iodobenzene

(I7) L 12rl,,-Lrichl-orobenzene

(fg) l-bromo-l-chJ-oro-J-iodobenzenö

IJ IJt14 t "A

Hs

u,t+

!uLtZ t rLL

H2

IJ IJLt+t LLL

LIrr3

LIII5

TIrL/
o

H2

TT
,Ll+

tl /

u
¡ ¡3

LTLt+

LT
LL /

0"000

-o"3IO
r-0.048

+o.049

+o.450

^ 
É Er7

-o.220
+o"321+

lÐ. ór8

-c"190
1Ð.492

r{ "006

-O "391+

-0,0I4
+u.¿oo

+0"008

-c.ll2
wø)O)

+0.047

-0"144
+0.1-69

-0 "012
-0.200
_0,200

-o.272
A 

'\.1 
L

-U â W-LU

+Ð"L25

^ ^^ô-Q o )14

0.000

-v. ))2.
1Ð.0I4

-o.o29
-!fì ? ql

-0.589

-o"289
+o"2o7

+Ð.523

-u.¿oÕ
+Ð.373

-o"o73

-o"t+zo

-o"o74
+0,I74
_0"034

-U"IZO
+0"484

+0.0I2

-c.l9o
+o.106

-0.08ó

-0.uI
-0.I71-
_c"293

-0.09r
rÐ"051-

-o"354

(f9) l-bromo-2rJ-dichlorobenzene
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TABLE I (Continued)

Compound

(2O) l-bromo-lr{-dichlorobenzene

(2L) t, 2-dichloro-/¿-fluorobenzene

(22) Ir2r\-Lrlbromobenzene

/ ^^ \(23 ) 2, la-dlbromo-l-f1uo¡obenzene

/n. \124) 1r2-dichloro-d-iodo'oeilzene

In û,Ho 12
IN UUIProton

IJL!2

LIrr5

LT
tL /

fl
r 13

LIrr5

LL /

tlrr3

LI
r 15

LI

ûr13

Li1r5

lJ
L! /o
LI__J

TJ-1r5

TJ

-0"30I
-rl) n,. Q

+o.024

+o.128

-u1 , ?^

-o.o57

-c.tr7t
JJI a\Á"

-0.r20
-c"4or

ar 
^ 

È'ì

-|l'\ 
"Ê,.

-a"487

-u . _Lo<t

+o"202

-o.332

-VaU4Q

-U. U¿O

+a.056
-r-^ 2, ô

-o.I32
-o "t+93

+0.00I

-U"IÕO

-a"421+

-0"158
+{.283

-a " 5ot+

-c"2It+
Iô I?Ô

f fne proton chemical shifts, wiÌ;h a standard deviatj-on of +0.005
ppm, were measured originally with respect to TVIS an<i. are giveñ here
with respect to benzene.
-)i This compound was analyzed in an approximate manner and the
cheini-cal- shifts are only accurate to +0.01-6 ppm for protons H2 and H7*

and to +0.008 ppm for Hr.

The coupling constants obtained in the analyses of some of

the polyhalosubstituted benzenes rna oir¡on i. 
^npendi-:c 

I.

The spectra were analy'zed according fo standard methods

as outlined in Appendi-x II. About half of the spectra consists o1'

erther a single peak or a single shift position. The non-trivial-

spectra represent a wide variety of types: (f) an AB2 such as
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Ì-bromo-lrJ-dichlorobenzene (2) an ABX such as tr2-dichloro-/.¡-

iodobenzene; (3) ." ABIR such as 2rl¡-dibromo-l-fluorobenzene;

(4) 
"r, AB2R2 such as lrJ-difluoro-J-iodobenzene (5) a deceptÍvely

simple ABX such as .l--bromo-Jrd-dichlorobenzene in CCIa; (ó) spectra

which woufd be expected to be complex but which are rather simple,

such as Ir2r4rl-tetraflurorbenzene, and (J) an ABC such as l-bromo-

J-chJ-oro-5-iodobenzene, which approxj-mates very closely to an Ä82.

Some of these spectra are reproduced on the folÌowing pages.



Fig. l+z The complete proton spectrum of a 3 moLeil solution of

l-brorao-3 rl-dichlorobenzene in carbon tetrachloride.

The asterisk denotes a spirrious peak"
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Fig. 5z The complete proton spectrum of a 3 mol-e.l solutio¡: of

1r2-di-chloro-4-iodobenzene in carbon tetrachloride'
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Fi-g. 6: The complete proton specti'um of a j moLefr solution of

I 12 rl+ r5-t'etrafluorobenzene ín carbon tetrachlorideo
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Chapter VII

DISCUSSION



2. t\

DISCUSSION

Several factors can affect the chernical shift of arornatic

protons. Among them are inductive and mesomeric effects of the sub-

stituents, ring currenls, electrj-c fiel-d effects, magnetic anisotropies

of the substituents and solvent effects" It would be highly desirable

to predict the cheinical shifts using the theoretj-cal equation developed

by Ramsey. Such, however, is not possible due to the li:nitations of

molecul-ar quantum mechanics; that is, the ground and excited state

wave functj-ons for such complicated molecules are presently beyond

contemplation" There remains the possibitity of devising an empiri-cal-

scheme which will prove useful- to both the experimentalist and the

theoreti-cian. A few means of correlating aromatic proton cheni-ical

shifts have been reviewed in Chapter III and serve as a useful- start-

ing point j-n this study"
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Á-TW
The Q faetor was origi-nalIy proposed to erçlain the

anomalous behavior of protons ortho to a halogen. .[s such, it

might be useful i-n the present situation since n]'l the substitu-

ents are halogens. Fi-gures ? and I are plots of the proton

cìrendcal shift versus the sun of the Qts of the ortho substitu-

ents when ihe solvent is cyclohexane and carbon tetrachloride

respeciivelyu In both, a clear trend is j-r¡dicated btúthe scatter

of points is too large for the graph to be useful as a correlation.

Tt appears that the Q effect pred.ominates for most of these compounds

but clearly other factors become imporbant enough to gi-ve considerable

scatter, It is not surprising that the correlation should be so

rough sj-nce the Q effect was first postulated for molecu-les with

only one substituent, Here, hot,iever, there is a ninimr¡'o of three

substituents and. the in'r,eraction of three perturbations complicates

the pictr.ire consj-derablYo

It should be possible to i-mprove the plots if the effects of

the substj-tuents ineta and para to the proton could be elinrinatedu If

it is assuned that the meta and para substituent constants Qt and dn

(for carbon tetrachloride as solvent,) are accurately }orow: from the

r¡¡ork of lvlarbin and Dailey (59) t the shift contribution due to substitu-

ents in the meta and para positions can be subtracted and then the

corrected chenrical shifts Ó 
"o"* 

plotted against the sum of the Qts of

the ortho substituents" The substítuent constant, dp, for fluorine (I')

¡¡as calculated. by adding 0"0/¡ ppn to the chenLical shift of the proton

para to fluorine in fluorobenzene, the latter taken from'ilork done by

ñpíesecke and Schneider (51)'



A plot of the proton chemical shifts (in ppm from

benzene) of polyhatosubstituted benzenes in cyclo-

hex¿.ne as a function of the sum of the Qrs of the

ortho substituents" The units of Q are 1O-l+ ergso
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Fig. 8: A plot of the proton chemical shifts (j-n ppm from

enzene) of polyhalosubstituted benzenes in carbon

tetrachl-oride as a function of the sum of the Qrs

of the ortho substituents. The units of Q are

IO-l+ erssô
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The substituent constant, d*, lras deterui¡red in a simi^l-ar Inanner"

Th-is nas the procedr:re followed by Martin and Dailey in determS.ning

the other dO vatues. !'íglre 9 shows a plot vühere the al¡ove id.eas

have been applied. to the cyelohexane datao The dn values for benzenes

i-n carbon tetrachlorid.e have not been d.eter¡rined and therefore it is

not possible to apply this test to the ÇG14 data. The plot of ö eolir
\- ¡.versus L L,{ rs not, holtever, improved and thj-s nay be accounted for

in either of two wayss (f) tfre eontributions to the proton cherlical-

shift from a meta or para substituent may not be additive, as has

been assumed.; or (2) the substituent constants of iviartin and.lJailey

do not apply to polysubstituted benzenes because the constants d*

and dn r"¡ere derived fron data on disubstituted benzenesq The graph

sti-l] indicates that the oi:bho effect is the most impoztant factor'



Fig. P:
, -^A plot of U"o". of

in cyclohexâne as a

of Q are IO-l+ ergso

polyhalosubstituted benzenes

firnct i on of I O. The unj-ts¿ q¡rv v¿vrr v¿ LJ Y
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B - TESTING ADDITIVTTY RELATIONSHIPS

Let the substituent constants do, d, and dO derived blr

Martin and Dailey be useci to predict the proton cheri-ical shifts of

trenzenes in ewclOheXane SOI-Ut,iOn fìnmna¡icnn nf the feSUl_tS Wit,h thevv+uv+v¿tc ¿uv¡¡ v¿

experimentally defermined val-ues will show if such constanfs can be

applied to benzenes which are more highly substi-Luled than disubstitut-

ed benzenes. Table II shows the resul-ts obtained and Lhe deviations

between the observed values and the predicted cher,rical shifl values.

TABLE IT

COMPARISOI\ OF Ti{E EXPERIIVIENTAL CHEPIICAL SHIFTS

I".IITH THOSE PNED]CTED USING d d AND d (C,H'" AS SOLVEhIT)o-lll-p

Compound
CaIc. Shift

D-^+ ^ñ / ^-- \r r vvv¡r \IJ}Jrr!/

Obs, Shift Deviati
(ppr) (pp')

(r) L13 r5-Lrlbromobenzene
(2) L rj rJ-Lrich.l-orobenzene

3) L1213,\-t eLrachl-orobenzene

(a) L1213 rl+-letrafl-uorobenzene

$) L r2 r4r5-ietrabromobenzene
(6) L r2, l+ rJ-tetracLr-lorobenzene

Q) I12 rl+rJ-tetrafluorobenzene
(B) L13 r4rl-tetrafluorobenzene
/^ \I q l PÞnt..ânhlnngþgn7g¡¡g\/ /

/r ^ \I ll) I Pênt..âf'lrrnn6þ9.¡79¡g
\¿v -/

/- - \(J-l ) 1, {-dibromo-2 ,5-difluorobenzene
(f2) Irj rJ-Lrlbromo-2-iodobenzene
(f3) I12rj-Lrichlorobenzene

(f¿) l-bromo-JrJ-dichlorobenzene

LIr¡5

TJ TJrL+tttL

IJLL+

LI LIrL2tt!L

-o"21+8

+o,160

+o"29O

+0"ó48

-0"050
J-rì I 2n

+o"666

+Ð"29O

+Ð"9L6

+o"0r7

+Ð.29o

+Ð.225

-J-rr 
^?a\

+0.001_

-c.31_0

r-o.048

+0"049

+0,i+50

-o.557

-o.220
+Ð,324

+o. óIB

-o"lgo
+Ð"1+92

lÐ.006

-O "39t+
-ñ,ro ¿oo

-0"01/+
-i\, 

" 
UUC'

-c,ll2

-U oUOz

-o.l_12

-0 " 
241

-c,I9t
-o "50i
-o "35C

-o "3/+2

-o"233

-c"4BC

4 "321

-o "3ot

-0"41_l

-o.ozL
4 "23r

-U.UOr

-0"llj
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TABLE II(Continued)

Compound Proton
Calc. Shift Obs. Shift Deviat:

(ppt) (ppt) (pp*

(15) IrJ-difluoro-J-iodobenzene H¿

H+, H6

Ð.606
-rn I l,Ã

+Ð"065

+a "225
+0.t30

-0.oBg

-o "293

-o "362

-O.O9l+

+0.L99

-o.og4
+0.0ó6

+o.rgg

r{.r30

+Ð.1+93

-0"18¿r
j{.1_09

-t-o.045

-o"253

-o.o2l+
-ti.J 

" )Jo

-o "298

¡0" Il8
+o"33O

1{"563

+o"o47

-0"144
+ll tÁo

-o.oI2
-0.200

-0,200
-o.272

-o.322
_U.UIO

+Ð"L25

-0.30I
+o.ozt+

+0.048

-o,o57
+0.128

+o./+30

-o.to7t

-0.t20
-u-¡ nAc

-0.401

-o.05r
-rfl ?Qr.

-0.487

-0"I68
+Ð"202

-0"04:

-0.11-i
:

-0"20(

-c.05r

-0.Ì4,
-0.tl.

-Jfr ôor

4"22t
-o"2L:

-0,01_(

-o,20',

-0,04;

-0.151

-u olo I

-o"20,
-UoVO-

-Uoltl¡

-o.22t
+o"Ott

-o.t4i
-0.021

-o"L5t

-0.I8t
-0.03(
-0.r2r

(ló) Ir?rt¡-Lrichlorobenzene H3

LIrr5

HA

(17) l-bromo-J-chloro-J-iod.obenzene Hz

t!+

HÁ

(fS) l-bromo-2, J-dichl-orobenzene H/

Hg

IJ
r r¿å

/¡ ^ \(f9) l-bromo-lrJ-dichJ-orobenzene Hz

LTLr /

Hs
/ nn \(2O) 1r2-dichloro-4-fl-uorobenzen" H6

fl

H5

(2r) Lr}rta-Lríbromobenzene H3

IJ
LL/

v
LI
^'.1

/ ^^ \122) 2rlç-dlbromo-l--fl-uorobenzene H3

IJ115

HA

/ ^^ \123) Ir2-dichloro-ia-iodobenzene H3

tlr15

ÍJ
LL /

h

The agreement in most cases is very poor (the average deviation being
-L:O.l-78 ppm) and is perhaps not surprising. ltiariin and Dailey reported

that their substituent constants gave general-ly poorer resuf-ts for meta



A+

d:isubstituted benzenes and fail-ed completely for protons orLho to

a substituent in ortho disubstituted benzenes. The benzenes used

in this study are of simÍlar structure, It should also be noted

that the calculated shift is nearly always on the high field side

of i;he obserred shift, giving rise to negative deviations. Ifartin

and DaiJey reporb that, for an ext,ensive seri-es of disubstituted

benzenes, the ring pro't,on chet¡:ical shifts nay be reproduced. to an

accuracy of about 0"1 ppm assuriling their additivity constants"

It would be possi'oIe to Lreat the CCI4 data in a sirnìlar

nanner if the S n values had. been d.etesn-ined" Unfortr.rnately-,

Srnith (57) evaluated only S o anA S * constants (for CCIU as

solvent) and nolvhere ín the literature has work been d.one on

benzenes ín carbon tetrachloride which r^rould perrnit the calculation

of S (Cfrenicat shift data on meta ùihalosubstituted. benzenesñ

in CCl¿ is required)" In vier¡ of the poor agreement between the

experi:nentally d.eternrined shift values and the predicted values

(using do, % and dn of Marbin and Dailey) in eyclohexaJre, it is
not unreasonable to suggest that the S o, S * and. S o values

originally proposed by Diehl (56) woul-d fail- to predict the

chemical shift values in carbon tetrachlorideu



C - PROPOSING A NEI,{- EMPIRTCAL METHOD

A reasonable suggesti-on as to why the substituent constants

do not give good agreement is that there is steric inLeraction

between the halogen substituents and protons. This steric effect

can be taken into account by assigning a constant A to a pair of

substituents ortho and meta to the proton whose chemical shift is

^.*desired. A (X-y), call it an '¡ortho-meta'r constant, then would

glve the contribution to the proton shift when X is ortho and Y is

meta to the proton. X and Y may be either a halogen or hydrogen.

In conjunction with do values for the appropriate solventr the

val-ues can be used to predict the chemical shifts of polyhalo-

substi-tuted benzenes. Table IIf gives the rrorthe-¡¡sl¿tt constants

for vari-ous combinations of halogens and hydrogen when cycJ-ohexane

is the solvent"

TABLE III

''ORTHO-IUETAI' CONSTANTS FOR X-Y COMB]NATIONS

ITIHEN C,Hr ]S THE SOLVENT

X-Y / \ lppl'tl

H-H

H-F

H-nl

L{-R¡

LIT

F-H

0.000

+o"050

+o.062

rÐ"160

+Ð.223

X See Appendix III for derivaiion of ortho-meÈa constants"
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TABLE III (Continued)

l¡v A lppivr)
¿_l \- - --l

F-F

F-Br

CI-H

CI-CT

Cl--Br

Br-H

Br-F

Br-Cl
Br-Br

Br-I
r-H

+Ð"Ll+z

+o,2o3

-o"oln3

-o"r35
-o.o7B

-o.L95
4 "2O7

-o.287

-o "255

-c.222

-0"405

Using the above A values and the d- values given
r

Dailey, the chemical shifts of the polysubsfifuted

in this study are cafcul-ated and tabulated in Table

by l{artin and

benzenes used

IV.

TABLE ]V

COMPARISON 0F TI'IB EXPERII'íENTAL CHEIîICAL SHIFTS I/trfTH

THOSE PREDICTED US]NG A AND d_ VALUES (CrHrz AS SOLVENT)D-o.-_

Compound
Calc. Shift Obs, Shift

(pp*) (pp*)
DVV ldú-

(ppt

(r) L13 rJ-Lrlbromobenzene
(2) L13- rJ-lrLchJ.orobenzene

ß) Ir213 rl+-Letrachlorobenzene
(t-) L 12 13 rt+-Letrafluorobenzene

$) Lr2r4rl*tetrabromobenzene
(6) t rz r4e 5-tetrachlorobenzene
(7) I 12 rlu rJ-tetrafluorobenzene
(B) L13 r4rJ-tetrafluorobenzene
(9) Pentachl-orobenzene

-o"32O
+o.070
r-^ ñâ"

Ð"448

-0.510

-o"27O

+Ð"28t+

+o"62L

-0 "Ir4

-0"3r0
i^ r\,. Q

-t-ô n/.o

+Ð,45O

-o " 557

-o"220
+Ð"324

-r-rì L'l a

-0,190

+0"01(

-o"o2i

-0.03i
+0,00,

-0"04'
+0.05(
rn r\rf

-0.00-

_0.07
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---- /^ a\'lAbL.E; l-v t uonll-nueo.,

Compound Prot,on
Calc. Shift Obs. Shift Deviati

(pp*) (ppln) (pp*)

(fo) Pentafluorobenzene

(If ) Ir4-dibromo-2, 5-difl-uorobenzene -
(L2) L,3,5-tribromo-2-iodobenzene
(:-3) trZr3-trichlorobenzene Hs

l{4, Hó

(f+) fr3-difluoro-J-iodobenzene Hz

H+,H6

(f¡) f-Uromo-lrl-dichlorobenzene H+

HzrH6

(L6) Lrzrt+-frichlorobenzene H3

Hs

Hó

(f7) f-Uromo-3-chloro-5-iodobenzene H2

LTLL+

H6

(fB) f-¡romo-Zr5-dichlorobenzene HL
o

LI1r3

H+

(fç) f-¡"omo-lrl¡-dichlorobenzene H"

H,

,toIT5

(2o) Lr2-di-chloro-/¡-ffuorobenzene H6
llr13

H5

(2L) Lrzrl+-tribromobenzene H3

H5

LI

/ ^^ \ 
rr5

\¿¿) 2tlt-dibromo-l-fruorobenzene H3

Hs

(23) trZ-dichloro-{-iodobenzene H3

Hs
LIt!/

+O"51+O

-0.004

-o "3t+7

rÐ"280

+o.o2I
-!n Ãl o

+{"o71+

-U.UIO

-0.082

-0"r78
+o.L75

4"O73

-u.ro)
-o"378
-o "444
4"330

-U"UIO

+0.089

-o.330
+o"o23

+0.025

-0.085
rÐ"088

+o.44I

-0"450
4.O95
+Ð.o35

-o.4o2
tn . aA2.

-o"5LO

-0"r87
+o.202

ñ.492
+o.006

4.394
-H..'.¿OO

-0.014
+Ð.563

+0.047

+0.008

-0"r12
-0,r44
l{.ró9
-0"0r2
-0,200

-0"200

-V.a(É.

-u "t¿¿.

-U"UIO

+Ð"L25

-0.301
+Ð "o2l+
+o.048

-o.o57
+o.128
rn ,2n

-o.47:-
-0"r20
ui 

^AQ

-0,.40I
-Ln ?Ê,.
' v a )v.+

-0"487

-0.168
+o"202

-4.048
+0.010

-0"047

-0"014

-o.o35
+0.044

-O.OZ't

r{.o2À

-0.03c
+0"034

-0.00¿
Ð.061

-o"o3i
+o"r7É

+{.I72
+0"00t

0"00(
-J-11 at?f

+Ð.ozt

JÐ.001

+Q.O2:

+o.02{

+o"04(

-0. ol_

-0.02:
-0.02
+0"02i

+0.00,

+o"02:

+0.05

+o"01
0.00
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The average deviation is'!o.o3l* ppm: a great irnprovemenl over the agree-

ment which was found when the subsfituent constants of }iartin and

Tlcilo* r^rana rrcar\ to calculate the chemical shift.- Thpr-e ¡r.e. hnwer¡er.euv vrlv vr¡vJ¡[V@¿ Ð¡¿J¡ Uo II¡çt ç A¿ ç, flvfl9V9I t

two chemical shift values which are not successfufly predicted and

these are for protons adjacent to the iodine substituenl in l-bromo-

l-chloro-J-iodobenzerreø Anomalous behaviour has been noted before
l -^ /^\\59, 62) for j-odosubstituted compounds and further invesùigation j_s

necessary to explain the large deviaùions found above.

Sinilarly, the chemical shifts of the polyhalosubstifuted

benzenes in carbon tetrachloride can be calculated assurning an

additivity relationship which incorporates the appropriate ttorlho-

meta'r constants and d- values" This time, however, the d- values
YP

are not avai-lable but can be derived from the chemical shift data"

The d^ values and I'ortho-metarr constants which apply to the carbon
r

tefrachloride data are tabufated i-n Table V and Tabl-e VI.

TABLE V

VALUES FOR HALOGEi$S WHEI\] CCI¿. IS THE SOLVENTd
-n-t-

Halogen d l-^m\*n \ I-y."/r

Ë

01

Br

I

-Ln nrl Ã

r-rì ôÂQ



/,q

TABLE VI

''ORTHO_I@TA¡' CONSTAÌ\TS FOR X-Y COI'JBINATIONS

l'[ü]N CCI+ IS THE SOL\IENT

^-r A (pp')

H-I-I

]J TII I-I

LI ar-ìrt-wl

H-Br

H-r

F*I-I

F-F

F-Br
t1-1 IJVI-I I

CI-CI

Cl-Br
Br-H

Br-F

Br-Cl
Br-Br
Br-I

TIJ1-l I

0"000

r{.040
+a.o7 5
.TV.I¿Ó

4Ðt2O3

-rJ^ì l'l Ã

-rfl I ryÃ

-o.o32
-0"r45
-o.IB5
-o.r9g
-o"225

-o"3t+2

-o "291+

-v.4o)

-c.330

Using lhe d values anO A val-ues given in Tables
p

it is possible to calcul-ate the chemical shifts of

halosubstituted benzenes in carbon tetrachl-ori-de"

shows the resul-ts obtained and the comparison with

perimental chemical shift val-ues"

V and VI,

the poly-

Table VII

+t.^ ^--ultE v^-



TABLE VII

COIv]PARISOI'I 0F THE EXPERTIvTENTÁI CHEI'IICAL SH]FTS

W]TH THOSE PREDICTED USING A AiW A

Compound Proton
Cal-c. Shift Obs. Shift Deviati-<

(ppr) (pp') (pp*)

(1) Lr) rJ-Lrlbromobenzene
(2) Lr) rJ-rrichlorobenzene

3) L12r3 rl+-Letrachl-orobenzene
(t) I1213 rL-t etrafluorobenzene

(¡) L12rl+rl-tetrabromobenzene
(6) Lr2rt+r5-tetrafl-uorobenzene

0) L12r4r5-tetrachl-orobenzene
(8) I13 r4r J-tetrafluorobenzene

e) Pentechl-orobenzene

(10) Pentafluorobenzene
(ff ) l r {-dibromo-Z r 5-difluorobenzene
(f2 ) L r] , J-Lr|bromo-2-iodobenzene
(f3) L12rj-Lrichl-orobenzene

(f4) 1-bromo-J, J-dichlorobenzene

(f5) 1,J-difluoro-5-iodobenzene

(r6) L12 rla-Lrichl-orobenzene

(L7 ) I-bromo-l-chloro-5-iodobenzene

IJ
"5

u u,L14 t Ir6

H4

HerH6

H2

tJ u,r14, ¡¡6

LIrr3

LIrr5

Ht

H2

LIrL+

LIIL /

IJ¡¡3

LItt4

Ht

-0,340
r-0.01t

rÐ.005

+o.32L

-U o )ÕÕ

+o.23O

-a.29O
+0"484

-c"2L5
-rô ?OÁ

-o.o5o

-a"43L
+Ð.225

-0"070

-c"00ó

-u,I)o
+o.44b

+o.039

-c"L77
1{.118

-0,070
-0.r9r
-0.304

^,ÃJ-w o +)+

-0.110
J-o.10I

'C'37 t+

-c"332
+o"0I4

-o.o29
1rl 2Ãl

-0" 588

+a.2o?

-a.289
1û.523

-u. ¿oÈ)

+o,373

-a.o?3

-a"Lzo
r-0.I74

-c.o74
-O.O3l+

-U.L¿O
r^ rQ,

rÐ"0I2

-0.r90
+o"106

-U.UÖO

-0. r71

-0,171

-u,¿ót
-0.09r
Ð.05r
.4"354

+0"008

-0"003

-o.o3t+

+0.030

0.000

-o.o23
l{.00}
+t"o39

-o "o53

-a"o23

-a"o23
1Ð"0I1

^ 
attl

-0.004

-U.UZë

+o.03c

l{.038

-a"oz'i
-c.0I3
-0"0r2

-0.0ré
+o.02c
-t-rì I ?.

+0"171

+0.01_5

-0.05(
+0.02(

(I8) l-bromo-2, J-di-chlorobenzene
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/^ ,\'r.AöLlt vr_L (uontr_nueo.,

Compound

CaIc. Shift Obs" Shift Deviat
Proton (ppr) (pp*) (pp*

(19 ) l-bromo-J r d-dichlorobenzene

(ZO) Ir2-dichJ-oro-{-f}uorobenzene

(21) I12rl,,-Lrrbromobenzene

(22) 2rl¡-dibromo-l-fl-uorobenzene

(zl) 1, 2-dichJ-oro-d-iodobenzene

LI

ll
¡ r5

H,
o

urt3

r15

Ht--o
lÌ1r3

LI115

Ht

tfrr3

LI-,5

H/r¡o

LIrr3

TI
¡15

Ht

-o"3t+4

-0.0u
-0.049
+0.058

-0"105

-o"493

-0.0r3
-U " 

IC'O

-o.l+21+

-0"101

4"1+75

-c.l_80
+o.r_30

-c.332

-U.U¿O

-U"U¿O
Llt ¡xA

-Lr\ 2' n

-o.I32
-C "t+93

r-0.001

_U"IöO

-o"424

-0.r58

+o"283

-o.5ot+

-o"zLt+
-rrì 'ì ? aì

+0.01-

-0.00
+o"o2

-0.00
-0.0r_

-c.02
0"oo

ln 
^l

0"00'

0.00
r\ rìÃ

-0"02t

-v"u¿
-c"03,

0"00i

The average deviation was found to be !O.OZ7 ppm, indicat-

ing that the additivity rel-ationship can be used to predict the chemical

shifts in polyhalosubslituted benzenes provided also that suitable

rrortho-metarr constants and d- values are used" Agaj-n, the same two
-v

chemical shift val-ues are not predicted satisfactorily. It is be-

Iieved that in order for an empiricaì- scheme such as this one to be

useful, it must predict the chenical shift to r,,rithin tO.O75 ppr"

Such requirements are well satisfied by this pairwise additivity

scheme.

In this study it has been possible to determine seventeen



of the twenty-five such rrorfho-metarr constants which coul-d exj-st

for each solvent. ConceivabJ-y, this idea could be exbended to

j-ncl-ude substituenls other than the halogens. A brief indication
Aof how the |\ values were determined is given in Appendix III"

It can be seen from Tables III and V that, in general,

as ùhe size of the ortho substituent in fhe rrortho-netart combin-

atj-on increase, the A val-ue decreases. It can also be noted

that as the meta substituent increases the A value increases

slightly. Hence, there j-s an interplay of these two effects

which destroys any trend in the A values. It is believed,

however, that the ortho substituent predonr-lnates in the rrortho-

metart constant and that the observed trend ( A au""easing as

size of the substituents increases) is best explained by an i-ntra-

mol-ecul-ar van der i,{aal-ts interaction between the proton and the

ortho substi-tuent (49, 6Za) "

Finally, it shoul-d be noted that the proposed rrortho-

metarr constants can correlaLe )J/" of the chemical shiff data for

mono- and d.isubstltuted benzenes that has appeared to date (!1, 57,

59, 6ZA). The pertinent data is fourd in Table D[,



T.ABT,E TX

CO}PÁ,RTSOI\I OF THE Ð@ER,T}MVTÂL CÏ{M"trCAL SIITFT$ (FROi"f OTHTA,

SOIIRCE$ T^IITH THOSE PREDÏCTÐ ìIÁÏ,rir,.ì

--
uompound Proton shÍrc 1 ehift (pp*) (pprr/ ooivenb r¿eferen

/- \ -\I./ Jel¡.-o.Lcnloro-
benzene

/^\ r\¿) J.r4-arÐromo-
benzene

/a\ rl\J/ Lr4-oLl-octo-
benzene

(4) r-¡romo-4-
fluorobenzene 172ÅL5

tT lt

::2'::6fl? rr1Ã

HzrH6
1Ì fl¡¡? r¡rÃ

Hj
"LL
lT'

n6

ff
IIÔ

11¿
11t,
TJry

H/"o

Hj
rLl,
1t

.-)n6

::2'::6UU"3r"t
lJ^ îJt" ¿t"o
H3rE;-

V oVá.

-9.O7

-o.L2

-0,11
0,38

-0.09
0,10

o"23
-c"28

-o"277
o"24J
o.113

_o.I27

_o.537
O"l+L3
O.Ol+3

-o.!27

-0"527
o,373
o,L53

-o,297

o"065

-o"og2
voI4O

o,259
-Uc ZllO

0.043

-o'071

-vov2)

_c"r5g
v ")JL

-O"AZI¡
o,096

O.2l+3

-v c 1))

-v o)4é
o.2o3
o.r33

-0.185
I.+

o¡ro
0,115

Lþ

_4
rì ??2

0.1ó8
-vo1ó)

0.019

-o"a33
O.IL7

vø4Y4
-wo)4)

-4.o23

0,00r

-0"065

O.OLrg
0,049

O'O3l+
o.004

-0"013
-o"o25

0.065
0"040

-0,020
0.058

o"063
-vøv ( 1

oloao
-0.015
-VoUJ.4,

O"0l+6

o'o4r
ô aì] ìve v¿¿

-0"o36
o,o57

6za
6zb
62h
62b

6zY
6za
6za
6z,b

62h
6zb
6za
6z,u

59

57

57

57

(5) l-brono-4-
iodobenzene

(6) r-cmoro-4-
iodobenzene

(?) l-bromo-Z-
chlorobenzene

(8) l-chloro-2-
iodobenzene

(9) f-uromo-2-
iodobenzene

/r n\ -\J-u/ Ir4-Ol-Cnloro-
benzene/-- \ -(r-.L/ J--þrorno-4-
chlorobenzene

/r ^\ -\L¿l L-cworo-4-
iodobenzene

57

Én

57

57
57



TABLE LA (Cont,ta)

Observed Cal.cu].ated
Compcund Proton Shift Shift (ppro)

Devi-ation
(ppr) Solvent Referenr

(13) lr4-dibromo-
benzene

/- r \ -\r4l Jr4-Cr-].OO.o-
benzene/- -\ ã(r)/ J-þï'omo-4-
iodobenzene

l¡ /\ ¡\ro/ rrr-qLDrono-
benzene

(:-7) tr3-diiodo-
'lronaana

(rs) rre-djchloro-
benzene

/- ^\ -ILY) Lr¿-OLÞroao-
benzene

/ ^^\ -\2v) .]-r¿-o:-l_oo-o-
benzene

(zf) nfuoroben-
o òhê

(zz) cnoroben-
AçLLV

/aa\ nl¿t) Þlfomooen-
oõf ã

(24) ro¿obenzene

J Cyclohexane

In ppm relative to benzene

-o.o35 0.009

-0.0ó8 -0"019

o,uz -o.o31+
-0"21+5 0'030

-o.3go -0.010
-0.L25 O.O23
0,320 -O.Ol+5

-0,810 0"000
-c,335 -0"003
0"571+ -O.L23

-o"r35 0.017
0,222 -O,O5L¡

-c"255 O"Ohz
o,23O 0,067

o"tuoZ -olo¿o

0"223 0,085
-l+

o"25O -O"O33

-O,Oi+3 O.O23
0"062 -O¿O370,160 -a"oh3

-c"lg5 -0"0260"160 -o.o7 50"070 -0"040

-O"1+O5 0"005
0,337 -0.0970"0?o -c"o37

Carbon Tetrachloride

Data fron'i lr¡hieh e neÍr

59

59

59
IY

59

Ã1

Ã1

FI

hf

L'l

hl

5't

5l

'll

H Ht

u:ûLL' ,LL 5

TJ")rr ñ
"41,"6

tr6

il^

LI
"5

ll tÎ _

i;r,;;on7,9ri6

::3r::o
LL îttl 5

::r'::onl+tn5

H22H6

"rÌ:',
I!t

ll22It'g
Ha.H¡)í)

nl,

H2eH5
H? rHc

n),

ll IJ,,!221r 6
TJ^ TJ -Ji, /

11 ,

-o.o27

-0.087

0.108
-o"2J5

-0,400
-0"102

vo4()

-\,r. ÕIV
-0"338

v c))L

-V cJJÈ1

0"1ó8

-0.2L3
o"297

_o 
"570

O,3l+7

0"308
o"o23
o"2L7

-0"020
v ov¿)
0,0117

-v o 44)
0,085
0"030

-0"&c0
o,250
o"033

2

A can be deri.
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- CÐ}1PIfuJIO}J OF 'i'HE COUPLING COi:ü$TAI{TS Ii\I

POLTIIAI0$ir-BSTI'illlllliD BEIÏZEI\r,Ð$
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TABTE VII]

coqpl,rltc corüsTANTS rN PûLr{lÉ,osuBSTrTU.i'ED BENZEI\-ES (HZ)T

Compound In'C5H¡2 Tñ AN]!¿1 VV¿/f In CH3CN

F.X

r-
k

tr
k

FX,

J* + J*r rocö4

J¿.R + JARt L3"L2

8"]4

LO o'/1

13.1_O

Õo.!O

l-7.91+

FR,

CI

CI
,T
Aõ

HB

T l.84 1"81



TABLE VIII (ContJ-nu.ed)

Compound Tn CrH12 In CCla In ÛH3CN

JArt

JAR

J^",
ILÀ.

JRx

JAXt

JrNt

J,-
AIJ

.T

¡t/L

.t-BX

1.40

2"3r

7 '58

ÕoÕJ

-1.28

OoéJ

9,53

o"3a

2"1+2

L"39

2.29

8"00

9"3O

-r"22

IJ,X

8.57

o"40

¿oJO

ö"))

o.28

2"LA

8.53

JRg

Jn.,

Jgx

8.57

o"28 i

1,4U

4.)O

Br
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TABTE VIII (Conti-nued)

Compound In C6H12 Th nr'l¿¡¡ vv¿+ ïn CH3CItl

Hn\ñl

ll.,I lr-ìD

IJ,,X

,T

.T-RX

T

T

lJit

J^,_
ruL

J_^
Ð.rf,

Br

u
"x

T

ATJ

T

J
BX

LJrx T

'^Þ

J"..
AÀ

.T"BX

nt
UI

,T-^Þ

T

.T-BX

J,^
Iu¿

J'--
DTL

l',RX

8,83

7.99

o.31

2194

5 "33

( "44

8"1+6

uo¿4

¿610

8.37

2"O2

o"28

8,70

2"40

o.30

4.23

n^-
I c /)

/ ne
v.v )

devi-ations are

8.08

o.30

2"gL

5.41+

7 "47

B"l+9

o"22

ZclO

8.40

2"06

O.2l+

8"7r

2.45

o,30

l+"26

7 "94

6,06

cases l-ess
-+-than {"03in allf Standard Hz.
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In single line spectra, the proton chemical shift corres-

ponds to the frequency of the line position.

The ABX and AB2 spectra were analyzed according to pro-

cedures given i-n standard texts (2, 4, 6).

The analyses of spectra complicated by fluori-ne splitting

consti-tutes a future research project" i{oreover, the present

research is concerned only with ùhe chenri-cal shifts and these are

easily recogni-zed from s¡nnmetry considerationso The spectrr.roof

1-bromo-J-chloro-J-iodobenzene (an ABC) was treated approxinrately

as an AB2. The spectra of 2rd-dibromo-l-fl-uorobenzene, 1r2-di-

chloro-d-fl-uorobenzene and 3, 5-difluoro-l-iodobenzene were analyzed

using the concepts of effective Larmor frequency and subspectral-

analysis (8, 64, 6S)"

The deceptively si-mple spectra, and the spectra of

L, 2, 4 rl-t,etrafluorobenzene and of J-, {-dibromo-2, 5-difluorobenz ene,

from which only the mean of the coupling constants lnvolved can

be obtained, were analyzed by methods in (6ó, 67t 68).
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one begins by looking at the synrmetrical benzenes such as

^the lr 2rIrJ-leLrasubstituted compoundsn For e,xample, the A (F-F)

constant is just hal-f the proÙon cheni-ical shift for the Lr2t4t5-

^^tetrafluorobenzene. Si¡nilarly, the A (Cf-Cf) anO A (Br-Br)

values can be d.etermined, ff the dO values are already known, the

^^A(er-H) ana A (Cf-H) values can be calcui-ated from the chenrj-ca}

shift data on IrJrJ-Lrlbromobenzene and Lr)rJ-Ltichlorobenzene. In

a si:nilar manner, the Atr-H) A(Cf-H) ar,¿ A (U-Cf ) values can

be calcuJ-ated from L1213rt+-t'ei;rafl-uorobenzene, It2t3t4-Letrachl-oro-

benzene and L12rJ-trichlorobenzene. Proceeding to benzenes with two

or more different halogen substituents, the other ortho-meta constants

can be deternined. If the dO values are not known, they may be easi-l-y

determined from the pentasubstituted benzenes or the trisubstituted

benzenes, the structure of which alloil their evaluation; eô9. once the

A (p-U).is roughly determined, the dO for f may be evaluated from

lrl-difluoro-5-iodobenzene. Slight adjustments in the'values we1.e

necessary to attain sel-f-consistency and to keep within the maxj-rnum

deviation previously set. The scheme can only be usefuf as an em-

pirical tool if the naximum deviatj-on in this case were about +Ð"O75

ppm. Between 5O and ?5 percent of the data was used in deterraining

the constants and the remainder of the chenrical- shifts can be used

to check for internal consistencyo
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