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- ABSTRACT -

The proton chemical shifts and coupling constants
of twenty-three polyhalosubstituted benzenes have been
determined in cyclohexane and carbon tetrachloride. A rough
correlation of the chemical shifts with the sum of the Q's
of the ortho 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. | | |

Assuming the additivity principle, the chemical
shifts are correlated by introducing a new "ortho-meta' con-
stant, Z&(XEY), which pairs the substituents X, ortho to, and
Y, metd to the proton. In this way it was possible to take
into account the steric interaction which must be operating

in molecules as highly substituted as these.
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INTRODUCTION

The basic theory of nuclear magnetic resonance (NMR) is
covered in many books (1—5)*. A brief review will be presented in
this chapter.

The phenomenon of magnetic resonance can be observed only
if the nucleus has a spin I and a magnetic moment LL o I, known
as the spin quantum number, is the maximum measurable component of
the angular momentum resulbing from a circulation of mass about a
given axis. I may have values O, 1/25 1y 3/25 eseeos U, ¥nown as
the nuclear magnetic moment, arises froﬁ an associated circulation
of charge and is given, in vector form, by

U=y =gl (1-1)
where 27‘ is the magnetogyric ratio. 27;= 0 for nuclei with even
mass number and even atomic number, I is the spin vector, [1 o is
the nuclear magneton and g is the nuclear equivalent of the Landé g
factor for electrons. Hence a spinning nucleus can be regarded as a
$iny bar magnet placed along the spin axis, the so-called nuclear
megnet, /

Tn field-free space, the orientations of the spinning
auelei will be random but the angular momentum vector must still be
such that its components along a particular reference direction are
given by I, I-1, I=2, coces Oy ccees -(1-2), =(I-1), -I. The

* These can be considered general references, from which much of
the first three chapters find their substance.



energies of these 2I+1 orientations are degenerate. The application

of a magnetic field Eo defines the reference direction and 1lifts the
degeneracy. The splitting of the energy levels in a magnetic field
is known as the nuclear Zeeman splitting. This is illustrated for

I=1 in Fig. 1.
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Fig. 1: The splitting of the energy levels in a magnetic field
for a nucleus with I = 1,

The energy of interaction between the nuclear magnet and

the magnetic field is

E o=-K 5 (1-2)
or

E o= -l (1-3)
where }i 1 is the component of Lé along Eo’ The magnetic moment AL
is at all times collinear with the angular momentum vector and its
magnitude is given by'géiggg/l where m, the magnetic quantum number,

can assume values I, I-l, «veey O, vevey =(I-1), ~I. Therefore,



following from equation (1-1),

Uy = meld, (1-4)
and the potential energy of the magnet in the field is
E = -mg{ H_ (1-5)

The separation of adjacent nuclear energy levels is then

NE = g,uOHo = 7hHO | (1-6)
Subject to the selection ruleZXn1==i 1 (6), transitions can occur
when the nucleus absorbs electromagnetic radiation of frequency [/

such that the Bohr frequency condition is satisfied
Uobs _ TH

This is the resonance equation which applies to NMR.

Y =

Classically, the magnetic momentum vector LL precesses
about the magnetic field vector Eo as a result of the torque exerted
by HO, tending to align Aé with Eo’ and its intrinsic mechanical
spin, counteracting this tendency. The angular frequency of precess—
ion is given by |

W, = 2TTU=7H, | (1-8)
which is precisely equal to the frequency of electromagnetic radi-
ation necessary to induce a transition on quantum mechanical grounds.

A second magnetic field, El’ applied perpendicularliy to Eo’
will change the precession into a nutation. If El rotates at the
same angular frequency as the magnetic momentum vector, the angle ©
between Li and Eo will increase constantly umtil the nucleus will
tip" into a new orientation with respect to Eo and an absorption of

energy occurs, giving rise to an NMR signal.
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A~ INTRODUCTION

In Chapter I it was tacitly assumed that we were dealing
with a bare nucleus, stripped of its electron(s) - a situation

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

go Larmor precession about the direction of the applied field and
shield the nucleus so that the field "felt" by the nucleus, Hlocal’
will be less than the field applied to the molecule, Ho' This can
be stated (7) as

) ocal = Ho(l—(j/) (2-1)

where Cf is the shielding constant, a positive quantity which depends
on the electronic environment., Reference to equation (2-1) shows
that the resonance frequency of a particular nucleus will vary from
one environment to another., This difference or shift in the reson-
ance frequencies is known as the chemical shift. It is seen from
equation (2-1) that the chemical shift depends on the electron density
about the nucleus, characterized by Cj s and the applied field Ho'

The resonance line positions are usually specified with
respect to some reference. Today the most commonly used reference
in proton magnetic resonance is tetramethylsilane (TMS). It is con~
venient (8) to express the chemical shift as a dimensionless parameter,

(5 (in units of parts per million), defined by

H = Hfp (2-2)

when HS and Hr are the resonant fields of the sample and the reference

respectively. This avoids the necessity of stating the applied field



at which the experiment is being carried out. The chemical shift

can also be expressed in terms of the shielding constants (9),

namely

O,.o= 0,-0, (2-3)

The sign convention for 6 is reversed from that of (J (10).

Tiers has introduced a system of 7T -values (11) for use instead
of (3 , where
T= 10-0 (2-4)
Chemical shifts were first observed in 1949 by Knight (12)
who found differences in the P31 resonance positions in several
salts. Similar effects were found by Proctor and Yu (13) when
they observed two peaks for the N'% nucleus in NH,NOz. Dickenson

L

(14) found related effects for F 9 resonance and Lindstrom (15)

and Thomas (16) first observed the chemical shift for protons.




B ~ THE ORIGINS OF THE CHEMICAL SHIFT

The theory is actually an extension by Ramsey (17) and
Pople (18) of the theory of diamagnetic susceptibilities. All
theoretical attempts so far have been concerned with the mathemati-
cal formulation of Cj s the shielding constant. Following a method
used recently (19), Cy can be decomposed into several contributions

as follows:
O=0g40,40,+0+04+0, (2-5)

where Cf a is the contribution of an isolated gaseous molecule; CYB’
the contribution due to the bulk diamagnetic susceptibility of the
solvent; CTA’ the contribution due to the anisotropy in the suscept~-

ibility of the solvent; CT the contribution from van der Waals.

w?

interactions; Cf

B the contribution from the reaction field effect,

“and CTC’ the contribution due to complex formation. The last five
contributions to Cf were first suggested by Buckingham, Schaefer and
Schneider (20).

A1l except CYG are seen to be solvent or intermoclecular
effects and will not be discussed further. The experimental condi-
tions used are such that the solvent effects should be minimized and
essentially constant. Cj’G has been further decomposed (21) into

four contributions as

UG= ng+UG§+ZCf + 0 (2-6)

G#B GB G,ring

where CTGg and CT‘GE are the diamagnetic and paramagnetic contri-

butions from the electrons of atom G; CTGB is the contribution from




the B substituent anisotropy and CTG ring is the contribution due
2

~ to ring currents. These ideas will be expanded further in the

remainder of this section.

1. Lamb!s Formula

Lamb (22) first attempted to calculate the screening
constant for a free atom in an S state. A diamagnetic circulation
of the electrons about the nucleus is produced upon application of 'ff}ifi
the magnetic field. Associated with this is a secondary magnetic
field at the nucleus, directed oppositely to‘the applied field. The

end result of such a calculation is

g = &13;23 ~[rp(r) dr (2-7)

“3me
where/] (r) is the electron density at a distance I from the nucleus.
CT here corresponds to CTG%

Lamb's formula and is only true for atoms with no resultant orbital

in equation (2-6)., This is known as

or spin angular momentum.

2. Ramseyfs Formula

Ramsey (17) carried out a second-order perturbation calcu-
létion which considered the magnetic interactions between the elect-
rons and nuclei of an isolated molecule placed in a uniform static
magnetic field. Equation (2-8) is a simpler and less accurate ex—

pression for Ramsey's formula.

e? 2R e?h? - R
O/zzz'Zglca,[x—F-%f_ pdr +mmE é Ig-;i rﬁé%% ’9 (2-8)

where ZX E is the mean excitation energy for an electron, e and m are

the electronic charge and mass respectively, ¢ is the speed of light,
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[) is the charge density, I” is the distance from the nucleus in
question, T is Planck!s constant divided by 27T;§LW is the operator
for angular momentum about the z axis. The two terms in his formula
correspond to "diamagnetic!" and "paramagnetic" shieldings. The first oo
term resembles Lamb'!s formula and is a measure of the shielding if
the whole electronic structure of the molecule rotated about the
nucleus in question. The second term accounts for the lack of
spherical symmetry in a molecule and corrects for the hindrance of
the electronic circulations. It corresponds to (DJGE in equation
(2-6). A calculation of (j)zz involves a knowledge of the exact
molecular wave functions of the ground 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 carried out for small molecules only (23-25).

3, Further Extensions of Cj

Saika and Slichter (26) and McConnell (27) found it con-

venient to subdivide the shielding further. Hence, for a nucleus i,
_rvd P £
Ui_()/i+di +Ui (2~9)
where Cfid-and Cfip correspond to Ramsey's diamagnetic and para-
magnetic terms and Cfif is the term arising from distant atoms with
anisotropic magnetic susceptibilities. i corresponds to CB
GFB
in equation (2-6) and will be discussed further in the next section

of this chapter,

It is also found that the magnetic enviromment of a nucleus
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is influenced by interatomic currents. This idea was first
suggested by Pauling (28), and has led to the calculation of
differences in the shielding constants between an aromatic proton
and ethylenic proton. This point will be discussed later to ex— 53;;;}
plain anomalous effects found in aromatic compounds.
The proton chemical shift has long been assumed to re-
flect the pi electron density on the particular carbon atom in
aromatic molecules. Fraenkel et al (29) and Musher (30) have

shown theoretically that

AO= x/\D (2-10)

where[l(ﬁ is the proton chemical shift relative to benzene,[&%}

is the local "excess!" charge on the carbon atom to which the

proton is bonded, and k is a constant having a value of approxi-
mately 10 ppm per electron. Equation (2-10) has been experiment-—
ally demonstrated (29, 31-34), but there appears to be some dis-
agreement over the value of k (33, 35). This equation also implies
that chemical shifts and electron charges are additive, as has been
shown by Schug and Deck (36) and, as we shall see later, is the
basis of the additivity principles that heretofore have been pro-

posed,



C ~ ANOMALOUS BEHAVIOUR AND MAGNETIC ANISOTROPY

Since the chemical shift should, in principle, provide a
direct measure of local electronic and magnetic enviromments, it is
not unreasonable to expect 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 lower fields than their
acidities would suggest. Moreover, the acidic acetylenic proton
resonances occur to higher field than expected and their frequencies
lie 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 molecule as a whole,
and the above anomalies have been explained in terms of magnetic
anisotropies. This is subdivided into two main effects, which will

now be discussed.

1. Anisotropy of a Neighbouring Group

The magnetic environment of a nucleus will also depend on
the circulation of electrons on neighbouring atoms. These circula-
tions are induced by the applied field and may be either diamagnetic
or paramagnetic in nature. One usually evaluates this effect by re—
placing the currents with magnetic dipoles at the centre of the
neighbouring atoms. If the magnitude of the induced currents were
independent of orientation, the effect would average to zero over all
random orientations of the molecule. However, a local anisotropy in

the magnetic susceptibility exists and on averaging over all orient=-




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 McConnell (27). For an H-X bond of cylindrical symmetry,
McConnell's expression for the contribution to the shielding of

the H nucleus,[&{f, is

JAYeE Ax (1-3 cos? ) (2-11)
3R3

where R is the separation between the H nucleus and the point
dipole on X; é; is the angle between the R vector and the direction

of the applied*field;[&)(, the local magnetic anisotropy, is defined
by |
AN X=X~ X, (2-12)

where;Kk and ><.L are the magnetic susceptibilities parallel to
and perpendicular to the H-X bond axis.

The magnetic anisotropy of the triple bond in écetylene
has been treated by Pople. Reference to Fig. 2 shows that if the ‘ gf;gjﬁﬁf
linear acetylene molecule lies perpendicular to the field, para-

magnetic currents on the carbon atoms arise from the mixing of the

ground state with the (J -7 excited states.
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The shielding of acetylenic protons (a) in terms of
paramagnetic currents and (b) in terms of diamag-
netic anisotropy.

While the induced or local field is paramagnetic at the carbon

atoms, it is diamagnetic at the H atoms,

shielding.

giving rise to increased

If the applied field now lies parallel to the molecular

axis of acetylene, only diamagnetic currents, due to the circulation

of the 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.

as illustrated by the carbonyl group.

The paramagnetic term may work in the opposite direction,

When the direction of the

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

magnetic currents are induced about the carbon and oxygen atom and

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




The inductive effect of the carbonyl group also reduces the dia-

magnetic term.

2. The Ring Current Effect

This is due to the unusually large magnetic anisotropy
of the aromatic ring system (38). This is illustrated for benzene

in Fig. 3. The pl electrons behave much like charged particles

Fig. 3: The deshielding of protons in benzene.

free to move above the plane of the sigma framework in a circle., The
direction of the current, according to Lenz's law, is such as to

give a diamagnetic moment opposed to the applied field. The magnet—
ic lines of flux, however, at the protons are paramagnetic, and the
nucleus is much less shielded. Consequently, aromatic proton res—
onances occur at lower field than is expected. Several approximate
methods have been developed to calculate the ring current effect

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



CHAPTER IIT

~ CORRELATIONS OF THE H! CHEMICAL SHIFT IN BENZENES -




A — INTERMOLECULAR EFFECTS

Solvent effects have been shown to be important in

aromatic compounds (49). Therefore, these effects must be con-

sidered if the data is to be meaningful; they may be minimized
by studying all the samples as infinitely dilute solutions in

inert solvents. Practical considerations limit the extent to

which samples may be diluted and a concentration of 5 mole %
or less is often taken as a reasonable approximation to the

nisolated molecule" (50).
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B — MONSUBSTITUTED BENZENES

Using deuterated derivatives, Spiesecke and Schneider
(51) studied the effects of various substituents on the ¢!3 and
H! chemical shifts in monosubstituted benzenes. The C'3 reson-
ance shift was assumed to be a measure of the total electron
density on the carbon nucleus. After applying anisotropy cor-
rections, the C'3 shift of the carbon attached to the substitu-
ent X correlated well with the electronegativities of X. Hence,
at this position, magnetic anisotropy and inductive effects of X
predominate. The €13 shifts at the ortho position could not be
fully explained but again these two effects appeared to be present
particularly magnetic anisotropy for the halogen substituents. 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 chemical shift may reflect changes in the pi electron
densities. The proton chemical shifts exhibit features similar
to the C!3 shifts; thus, the ortho position is influenced by the
magnetic anisotropy and inductive effects of X, the meta position
again remains unexplained, and the para proton shifts parallel
the para carbon shifts. After a critical examination of the
validity of correlating chemical shift data with chemical react-
ivity parameters, such as Hammett's CYF)and (j/m constants (52)
and Taft's gTR and CTI constants (53), Spiesecke and Schneider

found a rough correlation between the ¢13 and H! shifts at the

ara position with Hammett!s Cf constant, and no correlation
p p P



for the meta shifts.

Bothner-By and Glick (54), in a study of specific
medium effects, also found that resonance and inductive effects
predominated at the para position, fitting their data to an
equation H - Ho = ~5,0 C&)’ where HO is the extrapolated H for
benzene and the H's are extrapolated resonance positions for the
para position in the monosubstituted 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.
Their work is of limited value since solvent effects may well have
been important (50 mole % solutions in benzene were used). None-
theless, they classified the compounds according to their ability
to change the electron density by inductive and mesomeric (reson-
ance) effects and concluded that such polarization effects are im-
portant in determining the directing influence of a substituent.
They also found that the. para proton shifts correlated with the

Hammett values.



C - DISUBSTITUTED BENZENES

Diehl (56) found that the proton chemical shifts in meta-
and para-disubstituted benzenes could be predicted using an additiv-
ity relation, In this way, he evaluated characteristic ortho,
meta and para constants (S, S, and Sp) for eleven substituents,

He found, however, that such an additivity relation did not predict
the shifts in ortho disubstituted compounds. The constants S,, S

and Sp correlated roughly with Hammett's Cfp. Diehl's work has been
extended by Smith (57), evaluating S constants for fifty more sub-
stituents and extending the correlations of the 3's with Cfpo

Brey and Lawson, in a private communication quoted in
Emsley, Feeney and Subcliffe (58) report that they attempted o
predict the chemical shifts of protons in polysubstitubed benzenes
using a procedure similar to Diehl's, The protons in halosubstitubted
benzenes and in meta-disubstituted compounds did not conform to the
additivity relation,

Diehl's procedure has been refined by Martin and Dailey
(59). They were able to predict the chemical shift in para-disub-

stituted benzenes by the formula

O =q, (&) + (&) 4 (8)

where (5 is the chemical shift of the proton ortho to substituent
Rl and meta to substituent R, , dO and dm are ortho and meta sub-
stituent constanis and 2?"5 are polarizabilities, The parameter}f

is a measure of the susceptibility of the position ortho to R to
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perturbation by substituents para to R, ;V decreases as do
increases, Reasonable accuracy is obtained in predicting
shifts in meta-disubstituted benzenes and shifts meta to the
substituents in ortho~-disubstituted benzenes; the additivity
principle falls for protons next to the substituents in ortho-

disubstituted benzenes,
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D — THE Q EFFECT

Anomalous behaviour had been noted for protons ortho
to halogen substituents in monosubstituted benzenes. The ortho
shift did not correlate with para proton shifts or reactivity
parameters (51). Diehl (56) also found that, while his S
values correlated with szf there were two different correlations:
one for the halogens, and another for the remaining substituents
studied. Hruska, Hutton and Schaefer (60) have found an empirical
correlation between the ortho shifts and a factor Q. Q equals
P /Ir3 ergé_j,, where P is the polarizability of the C-X bond,
r is the C-X bond length and I is the first ionization potential
of atom X. It appears that the shielding of the ortho proton by
these substituents is due to an increased paramagnetic term in
Ramsey!s equation since the correlation with l//I is almost as

good as with P / Ir3.
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THE NATURE OF THE PROBLEM

Monosubstituted and disubstituted benzenes have been
studied in order to investigate the factors affecting the proton
chemical shifts in aromatic compounds. The proton chemical shifts
of disubstituted benzenes have been predicted, with varying success,
by an additivity relation, giving generally 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-, tetra-, and pentasubstituted

benzenes, where the substituents are the halogens.
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A — MATERIALS

The chemicals used were obtained from the following
companies:— (1) Aldrich Chemical Co., Inc.; (2) Pierce
Chemical Company; (3) FEastman Organic Chemicals; (4) Matheson,
Coleman and Bell; and (5) K & K Laboratories Inc. They were
used without further purification, 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 Ault and Kraig (61).
The procedure was reduced to two steps by starting with an
intermediate compound, 2-chloro-4-bromoaniline, obtained from

the Chemicals Procurement Laboratories.



B ~ MEASUREMENT OF THE SPECTRA

The samples were prepared as 3 mole % solutions in
carbon tetrachloride and cyclohexane. In certain cases, the
compound did not dissolve to this extent and the saturated
solution was used, Most samples, especilally those which gave
rise to multiline spectra, were degassed on a vacuum line. A
concentration of 3 mole % is considered as a sufficient approxi-
mation to the "isolated" molecule. Concentration studies on
benzene and 1,3,5~tribromobenzene showed that from 3 mole %
downward, there is negligible shift of the resonance frequency
due to a concentration effect.

A1l measurements were performed with a DA-60-~I Varian
spectometer using the sideband téchnique. The use of tetra-
methylsilane (TMS) as internal reference eliminated any
corrections due to differences in bulk diamagnetic susceptibilities.
The samples were contained in glass tubes of 4 mm inner diameter and
5 mm outer diameter. The temperature of the sample, as deter-

mined by an ethyleneglycol calibration graph, was 28.5°C.
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TABLE I

PROTON CHEMICAL SHIFTS OF POLYHALOSUBSTITUTED

BENZENES WITH RESPECT TO BENZENE (PPM)j‘

Compound Proton In 06H12 In CCL,

(1) Benzene - 0.000 0.000
(2) 1,3,5-tribromobenzene - ~0,310 -0.332
(3) 1,3,5~trichlorobenzene - +0.048 +0,014,
(4) 1,2,3,4~tetrachlorobenzene - +0.049 -0.029
(5) 1,2,3,4~tetrafluorobenzene - +0.450 +0.351
(6) 1,2,l,5~tetrabromobenzene - -0.557 -0,588
(7) 1,2,4,5-tetrachlorobenzene - ~04220 -0.289
(8) 1,2,4,5-tetrafluorcbenzene - +0.324, +0,207
(9) 1,3,L4,5~tetrafluorobenzene - +0,.618 +0,523
(10) Pentachlorobenzene - -0.190 ~0.268
(11) Pentafluorobenzene - +0.492 +0.373
(12) 1,4~dibromo-2,5-difluorobenzene - +0.006 -0.,073
(13) 1,3,5-tribromo-2-iodobenzene - 0,394 ~0.20
(14) 1,2,3-trichlorobenzene Hy, Hy -0.014 ~0.07L
He +0.266 +0.174

(15) l-bromo-3,5-dichlorobenzene H, +0.008 ~0.034
Hp, Hy -0.112 ~0,126

(16) 1,3~difluoro-5~iodobenzene Hp +0.563 +0.48L
Hy, Hy +0. 047 +0,012

(17) 1,2,4~trichlorobenzene Hs ~0.144 ~0,190
Hs +0.169 +0.106

Hé -0,012 -0,086

(18) l—bromo—B-chloro—S—iodobenzené* H, -0,200 -0.171
H, 0,200 ~0.171

Hy -0.272 ~0.283

(19) 1-bromo~2,5~dichlorobenzene Hs ~0.016 ~0,091
H, +0.125 +0.051

Hé ~0.322 ~0e354



TABLE I (Continued)

Compound Proton In C,H In CUL
612 4

(20) 1l-bromo-3,/-dichlorobenzene Ha -0,301 ~-0.332
He +0.048 -0.026

He +0.024, ~0.026

(21) 1,2-dichloro-4~fluorobenzene Hs +0,128 +0.056
H +0.430 +0.340

H6 -0.057 -0.132

(22) 1,2,4-tribromobenzene Hs —0.471 ~0.493
He +0.063 +0.001

Hé -0.120 ~0.186

(23) 2,4-dibromo-l-fluorobenzene Hs -0l 4,01 ~0oly21,
He ~0.051 -0.158

H6 +0.384 +0.283

(24) 1,2-dichloro-4-iodobenzene Hs -0.487 ~0. 504
He ~0.168 ~0.214

Hé +0.202 +0,130

1‘ The proton chemical shifts, with a standard deviation of +0.005
ppm, were measured originally with respect to TMS and are given here
with respect to benzene.

2L

<

This compound was analyzed in an approximate manner and the

chemical shifts are only accurate to j0.0lé ppm for protons H; and H,
and to +0,008 ppm for Hé'

The coupling constants obtained in the analyses of some of

the polyhalosubstituted benzenes are given in Appendix T.

as outlined in Appendix IIT.
eilther a single peak or a single shift position.

spectra represent a wide variety of types:

The spectra were analyzed according to standard methods

About half of the spectra consists of
The non-trivial

(1) an AB, such as




1-bromo-3, 5~dichlorobenzene; (2; an ABX such as 1,2-dichloro—/4-

iodobenzene; (3) an ABXR such as 2,L~dibromo~l-fluorobenzene;

(4) an ABgRp such as 1,3-difluoro-5-iodobenzene; (5) a deceptively
simple ABX such as l-bromo-3,4~dichlorcbenzene in CClq;.(é) spectra
which would be expected to be complex but which are rather simple,
such as 1,2,4,5-tetraflurorbenzene, and (7) an ABC such as l-bromo-
3-chloro-5-iodobenzene, which approximates very closely to an AB,.

Some of these spectra are reproduced on the following pages.



Fig. Lt The complete proton spectrum of a 3 mole% solution of

1l-bromo=3,5-dichlorobenzene in carbon tetrachloride.,

The asterisk denotes a spurious peake.
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Fig. 5: The complete proton spectrum of a 3 mole% solution of

1,2~-dichloro-4-iodobenzene in carbon tetrachloride,
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Fig. 6: The complete proton spectrum of a 3 mole solution of

1,2,4,5=tetrafluorobenzene in carbon tetrachloride.
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DISCUSSION

Several factors can affect the chemical shift of aromatic
protons. Among them are inductive and mesomeric effects of the sub-
stituents, ring currents, electric field effects, magnetic anisotropies
of the substituents and solvent effects. It would be highly desirable
to predict the chemical shifts using the theoretical equation developed
by Ramsey. Such, however, is not possible due to the limitations of
molecular quantum mechanics; that is, the ground and excited state
wave functions for such complicated molecules are presently beyond
contemplation. There remains the possibility of devising an empirical
scheme which will prove useful to both the experimentalist and the
theoretician. A few means of correlating aromatic proton chemical
shifts have been reviewed in Chapter III and serve as a useful start-

ing point in this study.




4 - TESTING THE Q FACTOR

The @ factor was originally proposed to explain the
anomalous behavior of protons ortho to a halogen. As such, it
might be useful in the present situation since all the substitu-
ents are halogens. Figures 7 and 8 are plobts of the proton
chemical shift versus the sum of the Q's of the ortho substitu-
ents when the solvent is cyclohexane and carbon tetrachloride
respectively. In both, a clear trend is indicabted buk the scatter
of points is too large for the graph to be useful as a correlation.

It appears that the Q effect predominates for most of these compounds
but clearly other factors become important enough to give considerable
scatter. It is not surprising that the correlation should be so
rough since the Q effect was first postulated for molecules with

only one substituent. Here, however, there is a minimum of three
substituents and the interaction of three perturbations complicates
the picture considerably.

It should be possible to improve the plots if the effects of
the substituents meta and para to the proton could be eliminated. If
it is assumed that the meta and para substituent constants ¢ and dp
(for carbon tetrachloride as solvent)‘are accurately known from the
work of Martin and Dailey (59), the shift contribution due to substitu-
ents in the meta and para positions can be subtracted and then the
corrected chemical shifts éscorr plotted against the sum of the Q's of
the ortho substituents. The substibuent constant, dp, for fluorine (F)
was calculated by adding 0,04 ppm to the chemical shift of the proton
para to fluorine in fluorobenzene, the latter taken from work done by

Spiesecke and Schneider (51).




fig.

7:

A plot of the proton chemical shifts (in ppm from

benzene) of polyhalosubstituted benzenes in cyclo-
hexane as a function of the sum of the Q's of the

ortho substituents. The units of Q are 10™1# ergs.
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Fig. 8: A plot of the proton chemical éhifts (in ppm from
benzene) of polyhalosubstituted benzenes in carbon
tetrachloride as a function of the sum of the Qs
of the ortho substituents. The units of Q are

1071% ergs.
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The substituent constant, dy, was determined in a similar manner.

This was the procedure followed by Martin and Dailey in determining
the other dp values. Figure 9 shows a plot where the above ideas
have been applied to the cyclohexane data. The dp values for benzenes
in carbon tetrachloride have‘not been determined and therefore it is
not possible to apply this test to the 0014 data. The plot of (5 corr
versus Z:C1 is not, however, improved and this may be accounted for
in either of two ways: (l) the contributions to the proton chemical
shift from a meta or para substituent may not be additive, as has
been assumed; or (2) the substituent constants of Martin and Dailey
do not apply to polysubstituted benzenes because the constants dp

and dp were derived from data on disubstituted benzenes. The graph

still indicates that the ortho effect is the most important factor.



Fige 9: A plot of (Scorr of polyhalosubstituted benzenes

in cyclohexane as a function of ZZQO The units

of Q are 10”1%# ergs.
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B - TESTING ADDITIVITY RELATIONSHIPS

Let the substituent constants do, dm and dp derived by
Martin and Dailey be used to predict the proton chemical shifts of

benzenes in cyclohexane solution. Comparison of the results with the

experimentally determined values will show if such constants can be
applied to benzenes which are more highly substituted than disubstitut-
ed benzenes. Table II shows the results obtained and the deviations

between the observed values and the predicted chemical shift values.

TABLE II

COMPARISON OF THE EXPERIMENTAL CHEMICAL SHIFTS

WITH THOSE PREDICTED USING d dm AND dp £§6H12 AS SOLVENT)

O)_._

: Calc, Shift Obs. Shift Deviati

Compound Proton (ppm) (ppm) (ppm,

(1) 1,3,5-tribromobenzene - ~062,8 -0.310 ~0,06%

(2) 1,3,5-trichlorobenzene - +0,160 +0.048 ~-0,11%

(3) 1,2,3,4~tetrachlorobenzene - +0,290 +0.04L9 ~0.241

(4) 1,2,3,4=tetrafluorobenzene - +0.64,8 +0.4.50 ~0,19¢
(5) 1,2,4,5=tetrabromobenzene - -0.050 -06557 ~0.507 .
(6) 1,2,L,5-tetrachlorobenzene - +0.130 —0.220 . =0.35C
(7) 1,2,4,5-tetrafluorcbenzene - +0.666 +0.324, —05342;;]

(8) 1,3,L4,5~tetrafluorobenzene - +0,851 +0.618 —O.233k

(9) Pentachlorobenzene - +0.290 ~0,190 —0a,8C

(10) Pentafluorobenzene - +0.916 +0.492 ~06321
(11) 1,4-dibromo-2,5~difluorobenzene - +0,308 +0,006 -0.30:
(12) 1,3,5-tribromo~2-iodobenzene - +0.017 ~0.39. ~0.411

(13) 1,2,3=trichlorobenzene Hs +0.290 +0,266 -0.02/

Hy,H, 40,225 -0.0L4 ~0,23¢

(14) l-bromo-3,5~dichlorobenzene H, +0,070 +0,008 ~0,06z

Hp,H,  +0.001 -0.112 ~0.11:



TABLE II(Continued)

Calc. Shift Obs. Shift Deviat

Compound Proton (ppm) (ppm) (ppm
(15) 1,3-difluoro-5-iodobenzene Ha +0.606 +0.563 -0.04;
| Hy,H, 40,165 +0.047 ~0.1Lt
(16) 1,2,4~trichlorobenzene Hs +0.065 ~0.144 0,206
He 40,225 +0.169 ~0.05¢
Hé +0.130 -0.012 ~0oLl/:
(17) 1l-bromo-3-chloro-5-iodobenzene Hp ~-0.089 -0.200 -0.11:
H, -0,293 ~0,200 +0,09%.
Hy ~0.362 -0.272 +0.09C
(18) 1l-bromo-2,5-dichlorobenzene H ~0.09 ~0.322 =0.22¢
Hs +0.199 -~0,0L6 ~0.21!
H, +0.135 +0.125 ~0.0L(
(19) l-bromo-3,5~dichlorobenzene Hy 0,09/ -0,301 ~06 20"
H6 +0,066 +0.024 —0, 0l
Hs +0.199 0,048 ~0.15]
(20) 1,2-dichloro-4~fluorobenzene Hy +0.130 ~0.057 -0.18"
Hs +0.333 +0,128 -0, 20!
| He +0.4,93 +0.430 ~0.067
(21). 1,2,4~tribromobenzene Hs ~0.,18} -0.471 -0.287
H6 +0.109 -0.120 ~0.22¢
‘ Hg +0. 045 +0.063 +0.01¢
(22) 2,4-dibromo-l-fluorobenzene Hs -0.253 ~0.40L —O.la&ff
He -0.02, ~0.051 -0.02;
Hy +0.536 +0.384, ~0.15¢
(23) 1,2-dichloro~4-iodocbenzene Hs -0.298 -0.487 ~0.18¢
Hs -0. 138 -0.168 -0.03¢
Hé +0.330 +0.202 -0.12¢

The agreement in most cases is very poor (the average deviation being

tO.l?S ppm) and is perhaps not surprising. Martin and Dailey reported

that their substituent constants gave generally poorer results for meta



disubstituted benzenes and failed completely for protohs ortho to

a substituent in ortho disubstituted benzenes. The benzenes used
in this study are of similar structure. It should also be noted
that the calculated shift is nearly always on the high field side
of the observed shift, giving rise to negative deviations. Martin
and Dailey report that, for an extensive series of disubstituted
benzenes, the ring proton chemical éhifts may be reproduced to an
accuracy of about 0,1 ppm assuming their additivity constants.

It would be possible to treabt the CClh data in a similar
manner if the S p values had been determined. Unfortunately,
Smith (57) evaluated only S o and S - constants (for CC:LLL as
solvent) and nowhere in the literature has work been done on
benzenes in carbon tetrachloride which would permit the caleculation
of S’p (Chemicél shift data on meta dihalosubstituted benzenes
in '()Clz\L is required)., In view of the poor agreement between the
experimentally determined shift values and the predicted values
(using do, dm and dp of Martin and Dailey) in cyclohexane, it is
not unreasonable to suggest that the S 0? S m and S D values
originally proposed by Diehl (56) would fail to predict the

chemical shift values in carbon tetrachloride,



C -~ PROPOSING A NEW EMPIRICAL METHOD

A reasonable suggestion as to why the substituent constants
do not give good agreement is that there is steric interaction
between the halogen substituents and protons. This steric effect
can be taken into account by assigning a constant ZX to a pair of
substituents ortho and meta to the proton whose chemical shiftvis
desired. Zl (X—Y)T call it an "ortho-mmeta' constant, then would
give 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 dp values for the appropriate solvent, the
values can be used to predict the chemical shifts of polyhalo-
substituted benzenes. Table III gives the "ortho-meta constants
for various combinations of halogens and hydrogen when cyclohexane

is the solvent.

TABLE IIT

NORTHO~META" CONSTANTS FOR X-~Y COMBINATIONS

WHEN C6H12 IS THE SOLVENT

=Y A (vpu)

H-H 0.000
H-F +0.050
H~C1 +0,062
H~Br +0.160
H=I +0.337
F-H +0.223

¥ See Appendix ITI for derivation of ortho-meta constants.



TABLE III (Continued)

K=Y /\ (pPM)
F-F +0.142
FeBr +0,203
Cl-H ~0.043
C1-Cl ~0.135
Cl-Br -0.078
Br-H -0.195
Br—F ~0.207
Br-Cl ~0.287
Br-Br -0.255
Br-I -0.222
I-H =0,405

Using the above [& values and the dp values given by Martin and

Dailey, the chemical shifts of the polysubstituted benzenes used

in this sbudy are calculated and tabulated in Table IV.

TABLE IV

COMPARISON OF THE EXPERIMENTAL CHEMICAL SHIFTS WITH

THOSE PREDICTED USING ZX AND dp VALUES (06H12 AS SOLVENT)

Calc. Shift Obs. Shift Deviat: . ..
(ppr =

+0.0007

Compound Proton (ppm) (ppm)

(1) 1,3,5-tribromobenzene - -0.320 -0.310 +0.0L(
(2) 1,3,5=trichlorobenzene - +0,070 +0,048 -0, 02
(3) 1,2,3,4~tetrachlorobenzene - +0.083 +0.049 -0.03;
(4) 1,2,3,4~tetrafluorobenzene - +0.448 +0.4,50 -
(5) 1,2,4,5~tetrabromobenzene - -0.510 -0.557 -0.04"
(6) . 1,254 ,5-tetrachlorobenzene - ~0.270 =0.220 +0,05(
(7) 1,2,4,5~tetrafluorobenzene - +0.281, +0.324 +0, 04
(8) 1,3,4,5-tetrafluorobenzene - +0.621 +0,618 -0.00;
(9) Pentachlorobenzene - -0.114 -0.190 _0.07



TABLE IV (Continued)

Calc. Shift Obs. Shift Deviati

Compound Proton (ppm) (ppm) (ppm)
(10) Pentafluorobenzene - +0. 540 +0.492 ~0.0.,8
(11) 1,4~dibromo-2,5—-difluorobenzene — -0.004 +0.006 +0.010
(12) 1,3,5-tribromo—-2-iodobenzene - =0.347 ~0.394 0047 .~
(13) 1,2,3-trichlorobenzene Hg +0.280 +0.266 ~0,014
H4,H6 +0.021 ~0.01LL -0.035
(14) 1,3-difluoro-5-iodobenzene Hy +0.519 +0.563 +0.04L4
Hy o H, +0.074 +0.047 ~0.027
(15) 1-bromo-3,5-dichlorobenzene H,, -0.016 +0.008 +0.02)
Hg,Hé ~0,082 -0.112 —O'OBCff
(16) 1,2,4~trichlorobenzene Hs -0.178 ~0o1il +0.03L
Hs +0.175 +0.169 -0.00¢
Hé -0.,073 -0.012 +0.061
(17) 1-bromo-3~chloro-5-iodobenzene Hp - -0.165 -0.200 ~0.03¢
H,, -0.378 ~0,200 +0.17¢
_ Hé =0 lily -0,272 +0.17%
(18) 1l-bromo-2,5-dichlorobenzene H6 ~0:330 -0.322 +0,00¢
' Hs - -0,016 -0.016 0.00(¢
H, +0.089 +0,.125 +0.03¢
(19) 1-bromo-3,4~dichlorobenzene Ho -0,330 -0,301 +002¢
- Hg +0.023 +0,024 +0.00]
Hs +0.025 +0.048 40,020
(20) 1,2-dichloro—4-fluorobenzene H6 -0.085 -0.057 +0.025i;
H, +0.088 +0.128 0,04
Hs 40,441 +0.430 ~0.0L
(21) 1,2,4~tribromobenzene Hs ~0.4450 ~0.471 ~0.02:
Hg ~0.095 ~0,120 ~0.02
H +0.035 40,063 +0.,02i
(22) 2,,~dibromo—-l-fluorobenzene ' Hs -o,ho2' -0, ,,01 +OQOOi;§
Hg 404363 +0.38L +0.02
(23) 1,2-dichloro-4-iodobenzene . Hs ~0.540 -0.487 +0.05
Hsg -0,187 -0,168 +0.01
Hé +0,202 +0.202 0.00



The average deviation is*i0.0BA ppm, a great improvement over the agree—

ment which was found when the substituent constants of Martin and
Dailey were used to calculate the chemical shift. There are, however,
two chemical shift values which are not.successfully predicted and
these are for protons adjacent to the iodine substituent in l-bromo-
3-chloro-5-iodobenzene. Anomalous behaviour has been noted before
(59, 62) for iodosubstituted compounds and further investigation is
necessary to explain the large deviations found above.

Simil&rly, the chemical shifts of the polyhalosubstituted
benzenes in carbon tetrachloride can be calculated assuming an
additivity relationship which incorporates the appropriate "ortho-
meta' constants and dp values. This time, however, the dp values
are not available but can be derived from the chemical shift data.
The dp values and "ortho-meta" constants which apply to the carbon

tetrachloride data are tabulated in Table V and Table VI,

TABLE V

gp VALUES FOR HALOGENS WHEN CCl, IS THE SOLVENT

Halogen dp (ppm)
F +0.166
Ci +0,075
Br +0.058

I +0.040



TABLE VI

"ORTHO-META!" CONSTANTS FOR X—-Y COMBINATIONS

WHEN CCL, IS THE SOLVINT

X-Y A (opm)
H-H 0.000
H-F +0.040
H-C1 +0.075
H-Br +0.128
H-I +0.275
e +04203
F-F +0.115
F=Br +0.175
Cl-H ~0.032
C1-C1 -0.145
C1-Br -0.185
Br~H -0.199
Br-F ~0.225
Br—Cl ~0.342
Br-Br -0.29),
Br-I ~0.285
I-H ~0.330

Using the dp Values-and'zx values given in Tables V and VI,

it 1s possible to calculate the chemical shifts of
halosubstituted benzenes in carbon tetrachloride.

shows the results obtained and the comparison with

perimental chemical shift values.

the poly-—
Table VII

the ex—



TABLE VII

COMPARISON OF THE EXPERIMENTAL CHEMICAL SHIFTS

WITH THOSE PREDICTED USING Z& AND dp VALUES (CCl, AS SOLVENT)

Cale. Shift

Obs. Shift Deviatic -

0.000 "

+0.038

40,135

Compound Proton (ppm) (ppm)
(1) 1,3,5=tribromobenzene - -0,340 ~-0.332 +0,008
(2) 1,3,5~trichlorobenzene - +0.011 +0.014 ~0.003
(3) 1,2,3,4-tetrachlorobenzene - +0.005 ~0.029 ~0.03L
(4) 1,2,3,4~tetrafluorobenzene - +0,321 +0.351 +0.030
(5) 1,2,4,5-tetrabromobenzene - -0.588 -0.588
(6) 1,2,4,5~-tetrafluorobenzene - +0.230 +0.207 0,023
(7) 1,2,4,5~tetrachlorobenzene - ~0.290 ~0.289 +0,001
(8) 1,3,k4,5-tetrafluorobenzene - +0.484 +0.523 +0.039
(9) Pentachlorobenzene - -0.215 -0.268 -0.053
(10) Pentafluorobenzene - +0.396 +0.373 ~0.023
(11) 1,4~dibromo-2,5-difluorobenzene - -0,050 -0.073 ~0.023
(12) 1,3,5-tribromo-2-~iodobenzene - ~0.431 ~0.420 +0,011
(13) 1,2,3-trichlorobenzene Hs +0.225 +0.174 -0,051
Hq,Hé -0.070 ~0.074 -0.004
(14) 1-bromo-3,5-dichlorobenzene Hy, -0.006 -0.034 -0, 028
Ha,Hg -0.156 ~0.126 +0.,03C
(15) 1,3-difluoro-5-iodobenzene Hp +0ulilsb +0.481 |
Hy ,Hg +0.039 +0.012 ~0.027
(16) 1,2,L4-trichlorobenzene Hs ~0.177 ~0.190 ~0.013
He +0.118 +0.106 ~0.01%
Hé -0,.070 ~0,086 -0.01¢
(17) l-bromo-3-chloro-5-iodobenzene Ho -0.191 ~C.171 +0.02(C
H, ~0.304 ~0.171
Hé -0 454 ~0,283 +0,.17]
(18) 1-bromo-2,5-dichlorobenzene Hs -0.110 -0, 091 +0,.01¢
H, +0.101 +0.051 0. 05(
Hy ~0.374 ~0.354 +0.02(



TABLE VII (Continued)

Calc. Shift Obs. Shift Deviat

Compound Proton (ppm) (ppm) (ppm

(19) 1-bromo-3,i~dichlorobenzene Hp ~0.344 -0.332 +0.0l¥¥}

Hs ~0.017 ~0.026 ~0.00

Hé -0.049 ~0.,026 +0.02
(20) 1,2-dichloro-4-fluorobenzene Hs +0.058 +0.056 ~0.00

Hs +0.353 +0.340 ~0.0L ..

Hg, ~0.105 ~0.132 -0.02
(21) 1,2,4-tribromobenzene Hs 0493 -0.493

He  —0.013 +0.001 +0.01

He ~— —0.186 -0.186 0.00
(22) 2,4-dibromo~l-fluorcobenzene Hs ~0oly 2l ~0e44R1 0.00

He ~0.101 -0.158 ~0.05

f6 40.303 +0.283 ~0.02
(23) 1,2-dichloro-4-iodobenzene Hs =0.475 ~0. 501, -0.02

He -0.180 ~0.214 ~0.03

Hg  +0.130 40.130 0.00:.

0,00 -

The average deviation was found to be i0.027 ppm, indicat-
ing that the additivity relationship can be used to predict the chemical
shifts in pelyhalosubstituted benzenes provided also that suitable
"ortho-meta' constants and dp values are used. Again, the same two
chemical shift values are not predicted satisfactorily. It is be-
lieved that in order for an empirical scheme such as this one to be

useful, it must predict the chemical shift to within f0,075 ppite
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 “ortho-meta" constants which could exist

for each solvent. Conceivably, this idea could be extended to
include substituents other than the halogens. A brief indication
of how the ZS values were determined is given in Appendix III.
It can be seen from Tables III and V that, in general,
as the size of the ortho substituent in the "ortho-meta' combin-
ation increase, the ZX value decreases. It can also be noted
that as the meta substituent increases the ZX value increases
slightly. Hence, there is an interplay of these two effects
which destroys any trend in the Zx values., It is believed,
however, that the ortho substituent predominates in the 'ortho—
meta" constant and that the observed trend ( [& decreasing as
size of the substituents increases) is best explained by an intra-
molecular van der Waal's interaction between the proton and the
ortho substituent (49, 62a).
Finally, 1t should be noted that the proposed "ortho-
meta constants can correlate 95% of the chemical shift data for
mono—- and disubstituted benzenes that has appeared to date (51, 57,

59, 62b)., The pertinent data is found in Table IX.



TABLE IX

COMPARTSON OF THE EXPERTMENTAT, CHEMICAL SHIFTS (FROM OTHER

SOURCES) WITH THOSE PREDICTED USING ZX AND dp VALUES

Observed Calculated Deviation s
Gompound ¥Proton shift !  shift (ppm) (ppuw) oolvent Heferen
(1) 1,k-dichloro-
benzene - 0,02 0,043 -0,023 2 57
(2) 1,Lk-dibromo-
) benzene - «(),07 -0, 071 0,00L 2
(3) 1,4=diiodo-
(L) 1-bromo-l-
fluorobenzene Hy,Hy -0l -0,159 0,049 2
( ) b l“ HB,H5 0038 09331 Ooohg 2 57
5) l=bromo=l-
iodobenzene H2,H6 -0,09 -0,12) 0,034 2 57
(6) 1ocn N HB’H5 0,10 0,096 0,004 2 57
~chloro-/-
iodobenzene Ho ,Hy 0,23 0.243 -0,013 2 57
(7) 11 , 3,H5 ~0,28 -0,255 -0,025 2 57
~bromo=2-
chlorobenzene Hg ~0.277 ~0e3L2 0,065 2 62b
H), 0243 0,203 0,040 2 62b
H5 0,113 0,133 ~0,020 2 62b
(8) 1ot Hy, 0,127 ~0,185 0,058 2 62b
=chloro-2-
iodobenzene H3 ~06537 - b - 2 62b
HA 0413 06350 0,063 2 62b
HS 00014‘3 Oellg "00072 2 62b o
Hg -0.127 - - 2 62b
(9) 1-bromo-2- L
iodobenzene  Hy ~0,527 _— - 2 62b
Hy, 0s373 0,333 0,0L0O 2 62b -
H5 0.153 0,168 ~0,015 2 62b
(lo) l 1+ di hl H6 "00297 "00285 -00012 2 62kb
sh=dichloro-
(1) iegzene i - 0,065 0,019 0.0L6 3 59
~bromo-/-
chlorobenzene Hy,Hg -0,092 -0,133 0,041 3 59
(12) 1ocnl N HS’H5 0,128 0,117 0,011 3 59
~chloro-4~
iodobenzene  Hp,Hg 0,258 0e294 -0,036 3 59
HB,H5 -06286 =0e343 0,057 3 59

57
57
.




TABLE IX (Cont'd)

Observed Calculated Deviagtion
Compound Proton Shift Shift (ppm) (ppm) Solvent Referen
{13) 1,4~dibromo-
benzene - ~0,027 -0,035 0,008 3
(14) 1,4-diiodo-
benzene - -0,087 0,068 ~0,019 3 59
(15) l-bromo-i~
iodobenzene Hz,Hé 0,108 0,142 ~0,031 3 59
1'13 ,H5 "00215 -00214—5 09030 3 59
(16) 1,3-dibromo-
benzene H =0,400 ~-0,390 -0,010 3 59 -
B8, -0.102 ~0,125 0.023 3 5
Hs 06275 06320 -0.045 3 59
(17) 1,3-diiodo-
benzene Ho =0.810 -0,810 0.000 3 59
H) Hg ~-0,338 ~0.335 -0,003 3 59
H5 Oe55l 00671-1— "00123 3 59
(18) 1,2~dichloro-
bengzene Hg,Hg -0,118 =0,135 0,017 3 59
Hj, »H 0,168 0,222 ~0,054 3 59
(19) 1,2-dibromo-
benzene HB’Hé -06213 -0.255 0,042 3 59
HZ_{',HS 00297 00230 00067 3 59
(20) 1,2-diiodo~ ,
benzene Hg,Hg -0,570 - - 3 59
H), sHs 0,347 0,407 -0,060 3 59
(21) Fluoroben- '
zene Ho,Hg 0.308 0,223 0,085 3 51
H3,Hs 0,023 - k4 - 3 51
Hy, 0.217 0.250 ~0.033 3 51
(22) Chloroben-
zene 15,Hg -0,020 ~0,043 0,023 3 51
H3,Hg 0,025 0,062 =~0s037 3 51
H), 00,0117 0,160 =0.043 3 51
(23) Bromoben-
zene Ho,Hg =0,223 -0,195 -0,028 3 51
H3,Hj 0,085 0,160 -0,075 3 51
Hy, 0,030 0,070 -0,0L0 3 51
(24) Iodobenzene H,,Hg -0,400 -0,405 0,005 3 51,
Hs,Hs 0,250 06337 ~0,087 3 5L -
H), 0,033 0,070 =0,037 3 51

1 In ppm relative to benzene

3 Cyclohexane

Carbon Tetrachloride

Data from which a new [3 can be deri-



~ APPENDIX I ~

- COMPILATION OF THE COUPLING CONSTANTS IN

POLYHALOSUBSTITUTED BENZENES =



ok

TABLE VIII

COUPLING CONSTANTS IN POLYHALOSUBSTITUTED BENZENES (HZ)1-

Compound J © In CgHye In CCl, = In CHsCN.

160814, 16u92 : 1709[4,
©13.12 13.10 13.88
{

1984 1081 ‘ -




TABLE VIII (Continued)
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- Compound dJ In 06H12 In 0014‘ In CH5CN
| T aat i 1.40 1.39
' ) d - 2.31 2.29
} Iix - 758 8,00
J - 8.83 9.30
X e
| HR {AX, - —1.2§ -1.22
S g - 623 6435
Cl
HAQ X 8.53 -
Joo 0.40 0.30 -
Hg oo |
> J Iny 2.36 242 -
Br
Fg< Cl Iip 8455 8.57 ~
J 0.28 0.28] -
AX . N
Cl Hy
Iox 240 240 -
H
'B
JA'BA - 8453 - -
+J | - 2.56 -
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TABLE VIII (Continued)

 Compound J In céﬁ,z ~ In CCl, In CH5CN
Jin 8,83 8.81 -
JRX 7’99 . 8.08 —
Igy 2.9 2,91 -
JAR 5‘33 50LI-/+ -
Br
FL\§ Br Iup 8.46 8.49 -
' J 2 .22 -
]%EB HX - Z 2: Z 26 -
BX * °
Br
ktx, Ft< JAB' 8437 8.40 -
t cl Iy _ - 2,02 ‘2.06;V -
B J A . 0.28 0.2 -
FR JAB 8070 8071 -
‘ : ’ - s 20 -
H Br k - N
B gy 0.30 0.30 -
! Jd,. Le23 L e26 -
AR
FL\ FEK _
| Br‘ JBR 7«93 709/4— -

T’Standard deviations are in all cases less than i0.03 Hz.



- APPENDIX II =~

- THE ANALYSIS OF THE NMR SPECTRA -



58

— APPENDIX II =~

In single line spectra, the proton chemical shift corres-
ponds to the frequency éf the line position.

The ABX and AB, spectra were analyzed according to pro-
cedures giveﬁ in standard texts (2, L, 6).

The analyses of spectra complicated by fluorine splitting
constitutes a future research project. Moreover, the present
research is concerned only with the chemical shifts and these are
easily recognized from symmetry conéiderations° The spectran of
l-bromo-3—chloro-5-iodobenzene (an ABC) was treated approximately
as an ABz. The spectra of 2,A—dibromo—l—fluorobenzéne, 1,2-di-
chloro~i~fluorobenzene and 3,5-difluoro-l-iodobenzene were analyzed
using the concepts of effective Larmor fregquency and subspectral
analysis (63, 6L, 65).

The deceptively simple spectra, and the spectra of
1,2,4,5-tetrafluorobenzene and of 1,4-dibromo-2,5-difluorobenzene,
from which only the mean of the coupling constants involved can

be obtained, were analyzed by methods in (66, 67, 68).



- APPENDIX III -

- THE DERIVATION OF THE ORTHO-META CONSTANTS -
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- APPENDIX TII -~

One begins by looking at the symmetrical benzenes such as
the 1,2,4,5~tetrasubstituted compounds. For example, the [&(F—F)
constant is just half the proton chemical shift for the 1,2,.4,5-
tetrafluorobenzene. Similarly, the Zl (C1-C1) and Z&(Br—Br)
values can be determined. If the dp values are already known, the

Z&(Br-H) and Z&(Cl—H) values can be calculated from the chemical
shift data on 1,3,5-tribromobenzene and 1,3,5~trichlorobenzene. In
a similar manner, the Z&(F—H) [&(Cl—H) and Z&(H—Cl) values can
be calculated from 1,2,3,4~tetrafluorobenzene, 1,2,3,4~tetrachloro-
benzene and 1,2,3-trichlorobenzene. Proceeding to benzenes with two
or more different halogen substituents, the other ortho-meta constants
can be determined. If the dp values are not known, they may be easily
determined from the pentasubstituted benzenes or the trisubstituted
benzenes, the structure of which allow their evaluation; e.g. once the

Z&(F-H)-is roughly determined, the dp for I may be evaluated from
1,3-diflucro-5-iodobenzene, Slight adjustments in the-values were
necessary to attain self-consistency and to keep within the maximum
deviation previously set. The scheme can only be useful as an em-
pirical tool if the maximum deviation in this case were about iOoO75
ppm. Between 50 and 75 percent of the data was used in determining
the constants and the remainder of the chemical shifts can be used

to check for internal consistency.
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