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ABSTRACT

A linear correlatíon with Q is found for the shifts

of protons or fluorines placed ortho or cis to the

substituent in monosubstituted benzenes, ethylenes, propenes,

monofl-uorobenzenes, and perfluorobenzenes. The substituent

X corresponds to H, F, CI, Br, I, and Q equals P/ÏT3 where P

is the polarizability of the C-X bond, r is the C-X bond

length, and I ís the first ionízation potential of atom X.

The correlation is useful for predicting some as yet unknown

shifts in the above compounds. The significance of this

correlation ís discussed in an inconclusive manner. The

interpretation of Q suggests a substantial contribution to

the proton chemical shift in unsaturated compounds from the

paramagnetíc term in Ramsey's formulation of chemical shifts.

The chemical shift of the proton in the I- (ot cl-)

posÍtion in t- substituted propenes is discussed in the light

of current shielding theories. The observed trends are not

readíly accounted for by a van der Waals, magnetic anisotropy,

electric field or inductive interaction with the substituent

nor by a combination of interactions. It is suggested that
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the cr-proton shifts may be accounted

of inductive and Q-type interactions

can be given for this suggestion.

for by

but no

a combination

strong support

The methyl proton shifts cannot be accounted for by

current theories of magnetíc shietding. The energy barriers

to the internal rotation of the methyl group in ethane and

in halogenated propenes are discussed. The magnitudes of

these barriers suggest the presence of a substantial inter-

action between the substituent and the methyl protons whích

should be reflected in a considerable range of methyl proton

shifts in cis l-halopropenes. No such range is observed. A

suitable explanation for these shifts cannot be put forth.

The solvent effects on the shifts of some l-halopropenes

are discussed. The solvent effects in benzene provide evidence

for the presence of a dípole-ind.uced dipole interaction between

solute and solvent molecules but suggest that a dispersive

ínteraction between sol-ute and solvent Ís also important.

Evidence is given for the formation of weak hydrogen

bonds between acetone and the 1- (ot o-) and 2- (ot Ê-) proLons

of I-halopropenes. It is suggested that the acetone shift of

the a-proton is due primarily to hydrogen bonding whereas the

acetone shift of the p-proton is due to approximately equal

v



contributions from hydrogen bonding and reaction field

effects.

A linear correlation exists between the proton

shifts of some alkyl chl-orídes and some hydrocarbons and

the occupation numbers of the hydrogen l-s orbitals in tl-e

C-H bonds. The occupation numbers are those given by the

self-consistent group orbital and bond electronegaLivity

method. The apptication of this correlation to the

predlction of starting values for occupation numbers, to

the derívation of bond anisotropies in ethylene and acetylene,

and to the prediction of hydrogen-bonded shifts of C-H

protons is discussed. The correlation suggests that the

proton shíft in these instances is a function mainly of the

local- electron density.
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CHAPTER I

INTRODUCTION

1-l- Introduc'bion to Chemical Shifts*

I"or a fixed value of the radiofrequency field there

is a value of the main magnetic field a't which a bare proton

will resonate. This field is given by

fl = 2Tf i) l_.1
"(

where p is the frequency of the radiofrequency field and y

is the gyromagnetic ratio of the proton. Fortunately the

resonant field of chemical-ly combined protons is not a

function of )) and y alone but in addition chemical- structure

has a small but interesting effect. This results from the

magnetic screening of the nucleus by the extranuclear el-ectrons

and by neighbouring nuclei. Thus the field which must be

applied in order that the resonance condition be satisfied

will- vary from molecule to molecule. These secondary magnetic

åçTreatments of chemical shift theory can be found in a number
of textbooks (f).



fields at the nucleus (except those due to spin-spin coupling)

are proportl-onal to the applied field strength. If A H is

the difference between the applied field {HoJ and the actual

field at the nucleus (H), then

¿lH : H - Ho = constant : tr r.zHo Ho

The constant #- is called the shielding constant and is a

function of the electronic environment of the resonant nucleus.

For the sake of convenience some resonant field other

than that of a lcare nucleus is used as a reference. The

standard for proton resonances, for example, is the resonant

field of the methyl protons of tetramethylsilane (riuS). Then

a unitless parameter 6 , calIed the chemical shift, is

defined by

8= H^ -HÞr
Hr

where H= and H=' are the resonant fields for a particular

nucleus Ín the sample under investigation and for the reference

nucleus, respectívely. Using 1.1, equation 1.3 can be re-

written more conveniently as

1.3

6 (pp*.) = A )) 
-x 

to6

oscillator frequency in c/s
1.4



)
J"

\^ihere AÐ is the separation in c/s of the resonant positions

of the sample and reference. The sideband technique of

calibrating NMR spectra makes 1.4 a conveníent definition of

L

The foremost problem confronting NMR spectroscopists

lies in the understanding of the nature of the electric and

magnetic f iel-ds which are manif est. in the chemical shíft.

This perplexing problem resol-ves itself into measurement of
r\O- and ò *, followed by interpretation of O- in terms of

present knowledge of molecular structure.

L-2 Theoretical EvaluatÅon of the Chemj-cal Shift

Fifteen years have elapsed

observation of the chemical shift

alcohol spectrum (Z). Since then

since the classic

phenomenon in the ethyl

many approaches to its

with its own merits and

expression 6 = (o-= - c-r) x 106

and reference.

evaluation have been tried, each

shortcomings. Summaries of the

A) approach of Lamb

main attempts are given below

Lamb (:) attempted the first evaluation of nuclear

screening in terms of the electron densj-ty about lhe nucleus

* o- and 6 are

where s and r

related by the

refer to sample
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The effect of a uniform external magnetic field H on an

electron in a spherically symmetric orbital- is to induce

a component of angular velocity along the direction of H

(4). This angular frequency is given by

eH lq
Zmc

where w is the angular, ot Larmor precession frequency, e

and m are the electronic charge and mass, respectively, and

c is the velocity of light. At the nucleus a diamagnetic

secondary fiel-d is produced. Extending this idea to a

spherically distributed electron density, it was shown that

the shielding constant was given by

o_ : !fr2'-*/',f(r\u, r.63mc' -/
Þ

where x is the distance from the nucleus to a point where the

electron density has the value "P G) (4). Lambrs equation

7.6 is l-imited in that it. is strictly valid only for atoms

in an S state. It requires that the electrons be free to

move in circular paths about H; ín molecul-es this freedom

does not exist (4).
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B) Approach of Ramsey

Since the Lamb formulation was useful only for atoms

which experienced a spherical electrical potential, Ramsey

(f) put forth a more general expressÍon for the magnetic

shielding of nuclei in molecules. Us jng perturbation

theory Ramsey could express the over-all shielding as a sìtm

of two terms (4).

r.7

The first term, in its expanded form, ís similar to the Lamb

expression. The integral in L.6 is now taken over all

electrons in the molecule. Physically it corresponds to

what the shielding would be if the whole electronic structure

revolved about the nucleus in question with the Larmor

precession frequency. The second or paramagnetic term

effectively corrects for the hindrance to the free diamagnetic

circulatlon. In quantum mechanical terms, this hindrance

corresponds to a mixing of excited electronic states with

the ground state of the molecule.

Slichter (6) presents an equivalent but somewhat

different approach. He breaks down the calculation of A-

into two parts:



6.

ôa.

the determination of the el-ectric currents produced

in the molecule by the external magnetic field and

the calcul-ation of the magnetic field at the resonant

nucleus produced by these currents.

It is useful to consider the total current density as having

a diamagnetic current associated with the ground state and

a paramagnetic current associated with the excited states

(6). These currents flow in concentric circl-es but in

opposite directions and have opposite effects on Õ= --the

diamagnetic currents increase Cr white the paramagnetic

currents decrease t- . The paramagnetic contribution is

relatively large if the excited states are readily accessible,

that is, if the excitation energies are small. For example,

Newel-l (Z) finds @*L = 32.5 ppm. and G*p = -5.6 ppm. for the

hydrogen molecule, where the excitatíon energies are

relatively large.

C ) other Approaches to an Interpretation of the Chemical Shift

In Lg54 Saika and Slichter (B) took the next important

step in the formal theory of chemical shifts by suggesting

that the overall nuclear screening could be subdivided into

three separate contributions :
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1. The diamagnetic shielding by the electrons centered

on the nucleus in question, O*D.

2. The paramagnetic correction for these el-ectrons due

to lack of spherical symmetry in their distribution,

û*:

3. The combined effects of diamagnetic and paramagnetic

currents on other atoms, f O. {)-O may be either

positive or negative.

Theory indicates that variations in the paramagnetic

contribution are the dominant cause of fluorine-lÇ (B) and

carbon-lJ (g) chemical- shifts. The range of fluorinex

shifts is BT5 ppm. (ff) and 225 ppm.for carbon* shifts (fe).

For all nuclei except protons 0-O is relatively unimportant

(fz). Proton shifts in common organic compounds have an

approximate range of 20 ppm. ( 13 ) wfrife cr-o may contribute

as much as 2 pp.m. (14 ) ; it is f ett that variations in the

diamagnetic term are the dominant factors in proton resonance

while variations in the paramagnetic term are expected to

make much smaller contributions ( 15 ) .

xThe isotopes with mass number 13 and 19 are to be understood
for carbon and fluorine.
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Pople, Bernstein and Schneider (f6) suggest a

fourth contribution arising from the magnetic fields of

interatomic currents. It is of particular importance for

aromatic molecules in which the pi.electrons are delocalized

in the ring but it has been suggested that interatomic flow

of electrons through the sigma bond framework of the cyclo-

propane ríng may explain the unusually hÍgh proton resonant

fields in these compound= (fZ). An indication of the size

of this contribution is given by the work of Waugh and

Fessenden (fO); they estimate a low field or paramagnetic

proton shift of I.5 ppm, due to the ring current in benzene.

Karplus and Das (fB) use LCAO theory and Ramsey's

equation to express the magnetic shielding in terms of three

localized bond parameters ionic character, hybrídization

and double bond character. Applicatíon of their formulation

to substituted fluorobenzenes provides an approximate

explanation of the available experimental- fluorine shífts

and permits the rough prediction of shift values for other

compounds. In ortho-diftuorobenzenes anomalous fluorine

shifts (tfre "gr.ûtp effect") are observed and explained in

terms of charge repulsion between the neighbouring fluorine

atoms.
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Lauterbur (19) and Spi-esecke and Schneider (ZO)

suggest on empirical grounds that the shielding of a carbon

atom varíes linearly with the corresponding pi-electron
t2density I This leads to an expression for the chemical

shíft relative to benzene A O- :

^o- d, (F r) 1.8

where cx is a positive constant with a value of about 160 ppm.

(Zf). Karplus and Pople (g) suggest that variations in the

diamagnetíc contributions are too small to account for the

observed proportionality constant; circulations on other

atoms are not expected to contríbute more than one or two

gpm. Thus the main contribution must originat,e in the local

paramagnetic term. They formulate an MO theory of carbon

shifts in conjugated molecules and demonstrate that there is

a significant local-charge dependence which agrees in sign

and order of magnitude with the experimentally establíshed

correlation. The calculations are roughly borne out by the

measured shifts in some alternant hydrocarbons (9).

The proton resonance shift in aromatic molecules tends

to reflect the pi-electron density on the carbon atom to
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which the proton is bonded (zz). schaefer and schneíder

(æ) state that evidence exists for a simple linear

correlation between the shift ¿; and the 1ocal excess

charge A ,P on the bonded carbon atom.

6 = klf r-.q

where ò is the proton shift relative to that in benzene

and k is a constant with a value of about I0 ¡2p.m, per

el-ectron. They derive density distributíons for eleven

aromatic species and find strong support for this simple

empirical correlation. There is evidence, however, that k

may vary considerably from system to system (fe¡.

We may conclude that to this date the theoretical

calcul-ations of chemical shifts show very roughly the

trends observed experimentally. These a priori calculations

of chemical shifts are subject to many approximatíons; exact

evaluations are possible only if the exact wave functions

are known but these are almost certain to elude chemists for

some time. It seems faÍr to say that current interpret,atíons

of the voluminous NMR shift data leave much to be desired.

For this reason the empirical correlations described in

Chapters II and IV seem justified.
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1-3 Semi-Empírical Approach to Chemicaf Shifts

The various factors influencing nuclear screening

have been divided into two main categories:

I ) fntramolecular effects resulting from changes in

the substituents in the molecule in which the

resonant nucleus is found.

2) Tntermolecular, or solvent, effects; variations in

the magnetic and electric properties of the solvent

may alter the nuclear screening. For example,

hydrogen bondíng to the solvent results in a para-

magnetic proton shift.

fntramolecular effects only are considered here.

They are conveniently subdivided into (e) electronic, and

(e) magnetic effects. The former effects alter the el-ectronic

density at the resonant nucleus white the latter result from

the magnetic f iel-ds of distant el-ectronic currents.

A ) Electronic Effects

The electronic effects are readily assigned to one of

three changest (a) changes in the electron-withdrawing power

of substituents via inductive or mesomeric mechanisms, (¡)

changes in permanent electric fields which are present as a
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result of unsyÍmetrical charge distribution in polar bonds

and (") changes in van der waals forces. A brief discussion

of these shielding mechanisms follows.

("i) The inductive effect

The efectrostatic action transmitted via the bonds

in a mol-ecule is referred to as induction. rn the series

CH3-X (X = I, Br, Cl, F) the el-ectron density at the methyl

proton is expected to decrease gradually from X = I to X = F.

This is reasonable since the order is that of increasing

el-ectronegativity (zU). The diamagnetic contribution to the

proton shielding is reduced with a consequent low-field shift

of the resonant field. Spiesecke and Schneider (20) find

the proton shift in methyl f luoride 2.I5 pp.m. to low f ield of

that in methyl iodide. This paramagnetic effect is al-so

observed. in the carbon resonances of the methyl halides where

a low-field shift of 98 pp¡. is found by substituting fluorine

for iodine (25).

The inductive effect should decrease as the number of

intervening bonds increases. In the series CH3-CH2-X

(X = I, BÍ, Cl, F) the trend in the methyl shifts can no

longer be predicted on the basis of substituent electron-

withdrawing power and is in fact opposite to the trend found
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in the methyl-X series (Zf). This indicates that if the

inductive effect reaches the. fl-protons it is greatly

attenuated and more than compensated for by factors

operating in a sense opposite to that of el-ectronegativity.

The reversed trend is also observed in the B-carbon

resonance (25).

It is reasonable to expect the resonance position

of a nucleus to vary uniformly with the substituent

electronegativity in those instances where the inductive

effect is of primary importance. Such correlations of

proton shifts were first observed by Shoolery (26) and

Dailey (zf). The inrernat chemicat shifr, é"(cs3) - é (cnz),

in a variety of substituted ethanes was linearly related to

the substituent electronegativity loy the relation (ZT)

1.10

where Ex is the Pauling electronegativity of the substituent

X and the proton shifts are in pp.m. Equation l_.10 predicts

a zero internal shift for E* = L.7L; this shift is zero in

tetraethyl lead while Epb = 1.8 (25). It also predicts a

negative internal shift for E* 1 I.7I¡ in tetraethylsila.ne

this shift is -0.33 ¡7¡2m"while Es1 = 1.8 (25).

Ex = o.6e5 [5 f"r3l - $1""2)] + L.Tr
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Lauterbur (28) and Schneider (ZÐ observe that

within a group of closely related compounds carbon chemical

shifts show a regular variation with pauling electro-

negativities. Extensive fluorine shift measurements on

compounds of the type xFr., indicate a low-fietd displacement

with increasing electronegativity of the central atom (29,

30 ) . This implies two effects of increasing electronegativity,

both leading to ,oaramagnetic shifts (¡r), (") a reduction in

the electron density about the fluorine and (r ) a decrease in

the spherical symmetry about the fruorine nucleus with

increasing covalency of the X-F bond.

(ai j- ) ffre mesomeric ef fect

rn unsaturated systems it is apparent that mesomeric

interactions can lead to significant shifts. substituents

on the phenyl group with electron pairs which are conjugated

wiLh the ring alter pi-electron densities at the ortho and

para positions. These changes induce secondary changes at

the meta position; in general, the mesomeric interactions

wil-l- disturb the entire electronic structure of an unsaturated

system.

From his study of dissociation constants of substituted

benzoic acids, Hammett (SZ¡ was able to assign S-* and rp
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values to various substituent groups which were related to

the ability of the substituent to alter e1ectron density

at the meta and para carbon atoms. It is not surprising

that these ct- constants correlate chemical shifts at meta

and pga positions. Gutowsky (S¡) finds linear rel-ationships

for ffuorine shifts in monosubstituted fluorobenzenes which

fit the equations

The order of the O-* values parallels that of

substituent electronegativity. Thus the primary mode of

substituent interaction at the -[g!" position is thought to

be inductive in nature (34). Equation 1.14 below indicates

that at the para position the resonance interaction is

significantly more important than the pi-inductive interaction.

Taft (:f) finds that equations 1.12 to 1.14 are capable

of reproducing observed fluorine shifts with greater accuracy

than can be achieved by single O* val-ues.

fÒ m = -5.92 úm

5 p = -rT.9 Õ-p * 4.84

CAlat-,^rL) m - -6.t o-r + o.5

{g'b p - Ò m = -18.8 6n -r 0.6

1.10

1.11

T.T2

1 .13
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5 -6.t 6r rB. B flR + O.It r .14

The constants c-r and cr-p are separated inductive and

mesomeric reactivity parameters determined by Taft and

co-workers (35, 37). Equations such as 1.14 are of doubtful

value since they contain three adjustable variables, including

the constant term (:e¡.

Schneider (eO) suggests three main objections to the

use of Hammett and modified Taft constants as criteria for

predicting chemical shifts :

1. The cr- constants are derived from kinetic data on

benzoic acids. Because of mutual interaction of the

substituents the electronic effects experienced by the

carboxyl group in me-ua-nitrobenzoíc acid may be

different from those experienced by a meta-hydrogen in

nitrobenzene.

The parameters are properties of the transition state

while shift measurements are made on molecules ín the

ground st.ate. There j-s no reasorr to expect identical

electronic structures in the two states.

Magnetic effects of the substituent are neglected.

p

¿.

?
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b) The effect of electric fields from polar bonds

In addition to the inductive and mesomeric effects

there is an electrostatic interaction which originates at

the polar bonds in the molecule and operates through space

or via the sofvent molecules. These fields alter the

electron density at various parts of the molecule and

result in characteristic shifts. Buckingham (¡g) formulated

a relationship between the electric fíeld at a proton and

the chemical shift contribution which arises. It is assumed

that the effect of a fíeld acting along a C-H bond is to

increase or decrease the el-ectron density about the proton.

A fiel-d perpendicular to the C-H bond destroys the axial

symmetry of the electron dj-stribution; this reduction in

symmetry increases the paramagnetic contribution with a

consequent low-fíe1d shift.

Buckingham's equation is

crE : -aqz -bE2 I .15

where E" is the component of the electric field E actíng

along the C-H bond (n, is positive if it withdrah/s electrons

from the proton") and a and b are constants found to have the
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val-ues of 2 x 10-12 and 10-18, respectively. The various

fields acting on the proton are evaluated by dipolar

expressions (40) " Afternate treatments of this field

effect exist but each suffers from its approximate nature.

(see for example Dewar (4r)).

Boden et ar (42) determined the ortho-fluorine shifts

in monosubstituted perf luorobenzenes C5F5X (X = .F, Cl, Bï, I)

These shifts are accounted for by changes in the ionic and

double bond character of the c-F bond, calcurated by the

method of Prosser and Goodman (48), with contributions from

the dipolar fields and van der l,{aals effects (see betow).

c) The van der Waals effect

Buckingham et al suggest that the London dispersion

forces between solute and solvent (commonly referred to as

van der waals forces) *ry cause significant low-field

chemicaf shifts in proton magnetic resonance. The effects

are always paramagnetic (44). Linder and co-workers (45)

found that no interaction other than the van der waals needs

be invoked to explain the gas-to-sor-vent shifts of methane.

A low-field shift of 0.f qpm.was observed for methane in

methylene iodide (44). on this basis íntåamolecul-ar proton

dispersion shifts as large as -1 np.m. can be expected (46).
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Raynes et al derive an expression for the mean-

square of the fluctuating electric fiefd at a distance r

from a polarizable atom (4f).

r .16

o is the atomic static polarizability and I is a mean

excitation energy, taken to be the ionization potential of

the atom. Boden (42) uses 1.16 and Buckingham's expression

I'L5 to evaluate the van der Vüaals fluorine shift in a

study of the C5F'X series. (eppropriate a and b values for

f l-uorine are used in 1.15 ) . Intramol-ecular dispersion ef fects

are not readily dealt with quantitatively, However, Yonemoto

(69) has shown that the effect of a fluorine atom at 38 from

a proton is not significant, but a chlorine atom at the same

distance may deshield the proton by about 0.3 pp"m. Qual-itatively,

the methyl proton shifts in halogenated methanes as well as r-

proton, p-proton and p-carbon shifts in halogenated ethanes can

be rationalLzed. in this fashion (46).

B) Magnetic Effects

The intramolecular magnetic effects on nuclear magnetic

shÍelding are understood in terms of the diamagnetic and
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paramagnetic circulations induced by the applied magnetic

field at points distant from the resonant nucleus.

Theoretically, it is possible to evaluate the magnetic

fiel-d due to these currents. On averaging over the random

orientations of the molecul-e in the magnetic field these

secondary fields will vanish unless the magnítudes of the

induced currents are dependent on the orientation, that ís,

unless there exists a local anisotropy in the magnetic

susceptibilíty of the distant electron group. The

differences Xr, - Xxx and Xr, - YOy are called the

anisotropies of the susceptibílity tensor where the X11 are

the principal susceptíbilities of the tensor. For molecules

with a three-fol-d or higher princípal axis there is only one

anisotropy

A x=x// -xJ L.LT

where Xr, is the susceptibility along the principal axis and

xI is the unique value perpendicular to it (48). Bond

anisotropies are also defined by equation L.I7. Now, X-t- is

an average of the two susceptibilities in directions

perpendicular to the bond axis, í.ê., Xl¡ : Xzz and

xf = I/z (*** + xoy).
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Mcconnelr (49) treats the problem of the long-range,

or anisotropic, shieldings due to the distant electrons.

He assumes that the secondary magnetic fields at the nucleus

arise from a point dípo1e. His expression may be written as

A€ (r - 3 "o"2o )Ax I .18
3n3m

where Ao- is the contribution to the shielding of a nucleus,

.A x is the l-ocal anisotropy of the distant erectrons, R is

the separation between the resonant nucleus and the centre

of the dipole white O is the angle between the vector R and

the dipole axis. N is the Avogadro number.

spiesecke and schneider (zo, 25) assume that deviations

of the proton and carbon shifts from electronegativity plots

are rough estimates of this magnetic anisotropy effect. The

deviations indicate that the c-X bond anisotropies (x = F, cl,

Br, r) are negative and become more so with increasing atomic

number of x. Numerícal values of bond anisotropies can be

determined from experimental_ shifts using 1"18; these

anisotropies can be used to make quantitative predictions of

shifts in other compounds (50). For instance, Narisimhan

and Rogers (¡r) suggest reasonable values of 4""-. (r.50 x

to-6 to 3.0 x to-6 qrn3lmole) and Á, xc-H (0.24 x to-6 to



I.5 x fO-6 cm3/mole) from a study of propane. Reddy and

Goldstein (sp) apply their method of comparing proton

shifts wÍth bonded carbon-hydrogen coupling constants i

they find ¿\ X"-" to be lO.O x tO-6 cm3,/mo1e. A recent

review discusses such eval-uatj-ons from a general vÍewpoint

(48).

The ring current effect is due to the unusually

large magnetic anisotropy of the aromatic pí erectrons (48).

when the appried magnetic field is perpendicular to the

plane of the aromatic molecule, a large diamagnetic current

results ¡ this current is greatly reduced when the field lies

in the plane of the molecule. Mo calculations (SS-SS)

indicate that substituents may donate or withdraw at most 0.1

pi electron per carbon from the ring. Thís represents a Lo%

change j-n the ring current ¡ usj-ng the waugh and Fessenden

value of r.5 ppm.for the ring current effect in benzene (ro),

we can estimate a range of o.1l pp¡n.for proton shifts in

substituted benzenes.

There is some uncertainty as to the exact value of

the anisotropy of the benzene ring. pauling (67) has

calculated this anisotropy c1assically. He assumes that

under the influence of the applied magnetic field the six



pi el-ectrons are set into motion with the Larmor precession

freguency in a superconductíng current flowing about a

circular loop, IIe assumes also that the other electrons

contribute equally to the three principal components of

the magnetic susceptibility while the ring current

contributes only to the component along the axis perpendicular

to the plane of the mol-ecule. In other words his value of

A X = -49.6 x LO-6 cm3/mote is att,ributed entirely to the

ring current. This value is sr-rbstantÍally smaller than the

experimental value of ..59.7 x l:0-6 cm3/mole (66). Hoarau

ft +) suggests that only part of the total anisotropy arises

from the ring current. SignifÍcant contributions arise from

the anisotropy of the o- bonds and from that due to the

localized P pi electrons. Dailey ( 66 ) obtains a val-ue of

{X for benzene equal to -55.8 x 10-6 cm3/mole by addíng a

quantum mechanical value of the ring current contribution
.â')^(-g:.3 x Io-u cmj,/mole), the o- -bond contríbutíon (-l.S * 1o-o

cm3/mole) and the localized p pi-electron contribution (-W.Z

is not very different from thex tO-6 cm3/mote). This value

experimental value.

Dailey et al (fg) have measured the proton chemical

shÍfts of protons in a series of condensed hydrocarbons such
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as napthalene and anthracene and compared them with the

shifts calculated with the Pauling classical value of
t?

-4g.6 x lO-u cmJ/mole for the benzene ríng anisotropy.

The experimentally observed chemical shifts are

substantially smaller than the calculated values. The

two sets of results are, however, Iínearly related. Dailey

(66) concluded that the part of the diamagnetic anisotropy

which is effective in determining the chemical shift is

consíderably less (about -31.2 x 10-6 srn3/mole) tfran the

Pauling figure and is in fact near the figure obtained in

ne\^Ier quantum mechanical calculations. The remaining

contribution to the total observed diamagnetic anisotropy,

if due entirely to the localized anisotropies, can be shown

to have a surprisingly small influence on the relative

chemical shifts for the condensed hydrocarbons ccn sidered

(66). Pople (68) Ïras shown that the localized anisotropy

contributes about -O.T p.p.m. to the shift of benzene relative

to. ethvlene. This contribution is subject to considerable

error but suggests that the l,rlaugh and Fessenden value of -l-.5

p.p.m. is not entirely attributable to the ring current.

Several difficulties arise in the evaluation of the

magnetic effects on proton shielding. They are:



a) McConnell's equation 1.18 has been shown to be

strictly valid only if the shielded nucleus is at

least six bond tengths from the anisotropic er-ectrons

(48). Under these condit,ions the contribution will

be small and difficult to isolate (48).

b) The calculated magnetic field depends critically on

the positíon of the point dipole. In fact, slight

movement of the dipole may change the sign of the

shielding contribution. (see Appendíx II).

c) Values of A X which depend on a separation of the

anísotropic shift from other contributíons to the

observed shift may have a consíderable range ( 48, 56 ).

fndeed some derived values of A X require that the

susceptÍbilfty along a C-C bond be paramagnetic.

This is absurd (48 ). Calculations of the anisotropy

of the benzene ring also indicate considerable

uncertainty in this value.

1-4 The Nature of the problem

A vast amorrnt of chemical shift data has been collected

but as yet there ís littl-e agreement as to the origin of these

shifts. This thesís attempts to explain the trends observed



26.

in a limited number of compounds. rn chapter rr an attempt

is made to correlate proton and fl-uorine shifts in some

unsaturated compounds with the íonization potential of the

halogen substÍtuents. rn chapter rrr the o- and methyl

proton shifts of l-halopropenes are dÍscussed in terms of

the effects described in this chapter.* An attempt is also

made to improve on current theories of solute-solvent

interactions. rn chapter rv an attempt is made to correlate

proton shifts in substituted methanes and ethanes with the

calculated electron densities of the protons.

xThe l-carbon which is attached to the halogen in the
l-halopropenes is also referred to as the o,-carbon. The
2-carbon is then a p-carbon.



CHAPTER TI

A NEW CORREI,ATION OF SOME OBSERVED SHTFTS

WÏTH MOLECULAR PARAMETERS

2-I Need fo.r Fgrther Empirical Correlations

A new empiricaf correlation is presented here. It

correl-ates proton and fruorine shifts for ortho and cis

positions in monosubstituted benzenes, ethylenes and

perfluorobenzenes (rigure 2.r). The substituent x in all

cases is either halogen or hydrogen. A dÍscussion and

criticism of current approaches to the explanatíon of these

shifts follows.

The observed proton shifts in the ortho position

correlate well with the para-proton shifts (Sf). This is

taken as evidence that the variation in the pi-'electron

density at the carbon atom is the predominant effect

determining the shifts at these positions. Furthermore HMo

calculations of pi-electron densÍty predict the observed
/ -^ \trends (5ö).

This ortho-para correlatíon is not found for iodo-,

bromo-, and chlorobenzenes (Sg). (Deviatíons are even more



FTGURE 2.L

The chemical- shift of the underlined nucleus in each series

of compounds ís used in the new correl-ation described in

this chapter. The substituent X is either hydrogen or

halogen.
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pronounced when the ortho-carbon shifts are considered (fa¡¡.

The devíations are not accounted for by pi-electron density

calculations. Failure of the calculations to account for

these anomalíes strongly suggests that factors other than

pi electrons become ímportant in determining the observed

shielding in the ortho position (¡B).

Spiesecke and Schneider (25) conclude that the 1ow-

field deviations of p-proton shifts in halogenated ethanes

from electronegativÍty plots could be explained on the basís

of the C-X bond anisotropy. Since the spatial relation

between halogen and ortho-proton on the benzene ríng and

between halogen and p-proton in ethanes ís similar, it

seemed logical to ext,end their explanation to the ortho-

proton (ZO). The deviations from electronegativity plots

on the one hand and those from pi-electron density calculations

on the other are indeed to low field (ZO, 5B).

Several difficulties with the anisotropy model were

listed in Chapter I. Furthermore, use of the model leads to

a number of other ínconsistencies (Sf):

1. If the magnetÍc anisotropy shifts at the ortbo- and para-

protons are calculated, equal contributions are predícted.

However, because the para shift correlates wÍth HMO
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calcufations this effect is assumed to be negligible

at this position.

2. The size of the anisotropy shift shoul_d be the same

regardless of the resonant nucleus. However, the

anomalous fluoríne shifts are twenty times larger than

the analogous proton shifts (33, 42, D9).

For the above reasons the anisotropy model must be

discounted as a suitable explanation for the ortho deviations.

Boden et at (42) suggest that a likely orígin of Lhe

ortho effect is the presence of permanent and Lime-dependent

(van der waals) erectric fields. The ortho-fluorÍne shift

in the series 
"6r.,* 

(X = halogen) are accounted for by use of

the above fields (p.g" 18 ). Schaefer et al (46) invoke van

der waals interactions to account for ortho-proton shifts in

monosubstituted benzenes. The trend is to decreasing field

with increasing size, and hence polarizability, of the

halogen atom. rndeed the ortho-fluorine shifts show the same

trend (ratrte 2.L, page 3¿i ).

If one attributes low-field deviations from electro-

negativity or pi-electron density calculations to van der

VÍaals forces, one assumes that those substituents which

correlate must exert a van der waals force which is linearly
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related to the substituent electronegativity or to the

electron density, or must exert no appreciable van der Waals

force. There is no good reason for either assumption. (ffris

also holds true for the anisotropy model (ZS)).

The p-proton shifts j-n the ethylenic compounds are

not readily explained. These shifts decrease as the size of

the halogen substÍtuent increases (60). If a van der Vüaals

interaction between the halogen and hydrogen were the main

proton shieldÍng mechanism at these positions, the larger

effect at the more distant trans proton remains unexplained.

ff the anisotropy in the magnetic susceptibility of the C-X

bond \¡/ere the predomínant factor, equation 1.18 (with a

negative sign for A X) would predict a trend opposíte to that

observed, that í=, the p-proton resonances would be dísplaced

to high fíeld as the size of the halogen increases. Thus these

proton shifts can not be satisfactorily exp1aJ-ned by either of

these two shielding mechanisms.

Mayo and Goldstein (60) find a rough correlation of

vinyl hall-de proton shifts with the electronegat,ívity of

the halogen (after correction for C-X anisotropy). Points

for the fluoride deviate by about O.B ¡¿pm. in a range of I.5
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ppm. Unfortunately, the plots show diamagnetic shifts

with íncreasing electronegativity. These shifts also

correlate with f¿/R where f is the dipole moment of the

C-X bond and R is the C-X bond length (60). At atl

positions diamagnetic shifts are observed with increasing

F/g, the dipole model- predicts the exact opposite.

De lüolfe and Baldeschwieler (6f) do not attempt an

explanation of the rel-ative proton shifts in halogenated

propenes.

2-2 The Q Correlation

As there appears to be no adequate theoretical model-

to explain these ortho- and cis shifts, êh exact empirical

correlation seems worthwhile. The halogens and hydrogen

are suitable substituents for such correlations since

considerable shift data is availabl-e. The substituent X and

the resonant nucleus bear the same spatial relationship in

each series (rigure 2.I, page 28 ), that is, they are

separated by two single and one double bond and occupy cis

positions with respect to the double bond. For this reason

it is reasonable that an empirical correlation in one series

should be manifest in a second series.



The proton and fluorine

2.L are found to correlate with

given by

shifts indicated in Figure

the quantity Q where Q is

a= . 2'L

P is the polarizability of the C-X bond, r is the C-X bond

tength and I is the first ionÍzation potential of X.

In Table 2.2 (pag" 35 ) tfre bond and atomic parameters

for X: H, F, Cl, Br and I are given. The ionization

potentíaIs f.or the free atoms are taken since no data are

available on bond excitation energies. In Table 2.L (p.g"

34 ) are given the chemical shift val-ues. The data were

selected wíth the criterion that, Lf possíble, the shift

measurements were made in a common inert solvent for each

set and that an internal reference was used. In this way

solvent effects and bulk susceptibility corrections (44)

v/ere small or non-existent.

A) Proton Shifts

the ortho -proton shifts in C5H5X are

P.---.=_
trJ

In Figure 2'2a

plotted versus Q. The

are about 1.5 c/s in a

largest deviations

range of 4O c/s.

from linearity

In Figure 2.2b t.h.e
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TABLE 2.2

Parameters for the C-H and C-halogen bonds

rc-x Pc-x rx 0 : P/rT3
x (a")" (x ro24 "*3)o (x to12 erss)c (x tO-14 "re=-l)

H 1.09 o .645

F 1.30 0.633

cl 1.70 2.604

Br 1. 85 3 .751t

r 2.o5 5 .752

21 .8

27.8

20 .8

18. B

16.T

ônQ¿. éu

1 .04

2.55

3.L6

aoR

a Reference I7o.

b R.f"turr." lu 
"

c Reference nL,



FIGURE 2"2

(") The orthq-proton shift, E , in c/s at 6O ltt c/s in

monosubstituted benzenes is plotted versus Q = P/Tr3 -

The shifts are relative to benzene.

(f) The shift, 6 , of the proton cis to the substituent

in the vinyl-X compounds is similarly ptotted. The

shifts are relative to internal tetramethylsilane (fUS).

Data are Laken from Tables 2.I and 2.2. The sr-ilrstituent

X is indicated by its chemical symbol.
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cis proton shifts in ethylene and the vÍnyr halides are

similarly plotted. The l-argest deviation is only 2 c/s in

a range of !0 c/s.

In Figure 2-3 the shift of the proton c_!e to the

subsLÍtuent x in 1- and 2-halopropenes and in propene is

plotted versus the Q value of the substituent. Again a very

good straight line Ís obtained.

The above correlation plots can be used to predict

the unknown shifts of the iodopropenes. The points in

Figure 2'3 can be fitted by the method of least squ.ares to

a straíght l-ine relationship between the shift 5 and the e

varue of the substituent. The best straight line for the

l-substituted propenes is given by

6 (c/s) = -22.o x lo-14 Q - 294.4 z.Z

The average deviation of the points from this line is only o.!

c/s in a total range of 4f.Z c/s (trom X = F to X = Br). For

the 2-substituted propenes the best straight line is given by

5 (c/s) = -2J.o x ro-14 o - 237 .4 2'3

The average deviation from this line is only O.f c/s in a

total range of 52.T c/s. From the above equations the

predicted shifts are -382.0 c/s from TMS for l-iodopropene and

-336.9 c/s from TMS for 2-iodopropene.



FrcuRE 2.3

The shift, 6 , of the proton cis to the substituent X

in 1- and 2-substítuted propenes is plotted versus

O = P/tu3. The shifts are in c/s at 6O ut c/s rel-ative

to internal TMS. Arrowheads indicate the predicted

values for the iodo compounds. Data are taken from

Tables 2.1 and 2.2. The substituent X is indicated by

its chemical symbol.
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The cis and t_qa4q isomers of l-iodopropene \^zere

prepared by the method described in Appendix r. NMR spectra

ìvere obtained for both isomers in a series of solutions, the

results of which are given in Table 3.1. At this point the

shift of the proton cis to the iodíne (ttrat is, the p-proton

in the trans isomer) i= of interest. This shift in fMS is

-384.7 c/s, in good agreement wÍth -382.O c/s, the predicted

va1ue.

The 2-iodopropene was obtained from the Columbia

Chemical Company as an impure mixture but was purified by gas

chromatography as described in Appendix r. NMR spectra were

obtained on a Varian DA-60 spectrometer equipped with an

internal-lock system for ! mole f solutions in carbon

tetrachl-oride and in tetramethylsilane. The spectra \Àiere

treated as first-order ARX3 spectra in üre notation of pop1e,

Bernstein and Schneider (nf) where A and R correspond to

the proton trans and cis to the iodine respectively and X3

corresponds to the methyl protons. The results are given in

Table 2.3.

The resonances at lowest field (centered at -350.8 c/s

ín TMS and -356.f c/s in CC14) were readily assigned to the

proton trans to the iodine on the basís of the cbserved coupling
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constants (J). The signs of the coupling constants cannot

be obtained from a first-order analysis. However, the

magnitudes are sufficient to allow an assignment to be made.

The methyl couplings Jo* and J¡, are examples of "allylic"

coupling constants. Experimental results and theoretical

treatments of these coupling constants indicate that the

interaction is larger if the coupled nucl-ei occupy cis rather

than trans positions across the dor.ible bond, the difference

being of the order of o.5 c/s (BB). Furthermore the value

of the aIlylic coupling varies between o and J c/s. since

the larger repeated spacing com.mon to the methyl proton

resonances at highest field \ñ7as repeated in the resonances

at lowest field, these transitions were assigned to the proton

cis to the methyl group. Therefore the chemícal shift of the

proton cis to the iodÍne ( 6 n) i= -330.2 c/s in carbon

tetrachloride and -332.7 c/s in TMS. These values are in good

agreement with the predicted value of -336.9 c/s.

B ) Fl-uorine Shifts

In Figure 2.4a the ortho-fluorine shifts in ortho-

substituted monofruorobenzenes are plotted versus e. The

average deviatÍon of Lhe points from the best straight líne



FIGURE 2.4

(") The chemical shift, 6 , in ppm. for the ortho-fluorine

in ortho-substituted fluorobenzenes is plotted versus
-0 = P/tr:. The shift is relative to monofluorobenzene.

(¡) The chemical shífts of the ortho-fluorine in mono-

substituted perfluorobenzenes are similarly plotted.

The shifts are relative to perfluorobenzene. The data

are taken from Tables 2.1 and 2.2. The substituent ís

Índicated by its chemícal symbol.
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is onl-y 2.2 p.p.m. in a total range of 4S p.p.m. The

point X = H has the largest deviatíon (-S.S p.p.m. ).

In Figure 2.4b the ort_ho-ffuoríne shifts in C6f5X

are plotted versus O. A good straight líne is obtained

once more with an average deviatÍon of the points of only

1.8 p.p.m. in an over-all- range of 41.1 p.p.m. The

deviation for the point X: H (-4.4 p.p"m.) is again the

largest. (eoaen et af (4e) who attempt to account for

these fluorine shifts using molecular orbital and electríc

field calculations f índ a deviation of -23 p.p.m. for the

ortho shift in C5F5H). Part of the deviatíon of -4.4 p.p.m.

may be a result of the carbon tetrachloride solvent. Inter-

molecular van der Waals shifts in halogenated solvents are

particularly large in fluorine resonance and may amount to

B p.p.m. (fZB ). Since hydrogen is a small substituent it

may allow a closer approach of the solvent molecules to the

ortho-fluorlne atoms, resulting in a large van der Vüaa1s

interaction at these positions. The deviation observed for

the point X = H is in fact to low field.

C) The Range of Observed Shlfts

The range of observed shifts is as follows:



)t )t

Proton Shifts

ortho-proLon in monosubstituted benzenes

c!-s proton in

cis proton in

cis proton in

Fluorine Shifts

ortho -fluorine 4s p. p .m.

43 p.p.m.ortho-fluorine in perf luorobenzenes

D) DÍscussíon

Pitcher et al (62) have reported the fluorine shifts

of a variety of f luorocarbon derl-vatives of metals. A large

shift to 1ow field Ís found for the absorption by a CF2 group

bonded directly to manganese, rhenium, iron or co¡aft. It is

suggested that these screening effects are related to the

presence of low-lying excited states jrr the bonds between the

metals and the carbon atoms of the a4E, groups, with the

result that the paramagnetic contribution to the screening

constants of the fluorine nuclei is srrbstantially increased.

A similar mechanism suggests itself in the series studied here;

the ortho effect observed in fluorine shifts IÍes in an

increased paramagnetic Lerm arising from smaller values of the

vinyl halides

1-substituted propenes

2-substituted propenes

in monosubstituted benzene

0.7 p.p.m.

1.5 p.p.m.

1.1 p. p .m.

I.2 p.p.m.
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average excitation energy associated with fluorine atoms

ortho to a substituent. This is in accord with the

increasing magnitude of the effect as the substituent

íncreases in size. The proposal is therefore: the qis

and ortho-fluorine and proton shifts are dependent mainly

on the paramagnetl-c contribution to nuclear magnetic

shielding and for the substituents studied the variation

in this contributíon is proportional to Q.

One rationalization of Q is as follows. The para-

magnetic contribution should be roughly inversely proportional

to a mean excitation energy A s. Since A e is not known

the first ionízation potential of the substituent X was used.

The quantity P/r3 is then a factor which corrects for the use

of I in place of A E.

There is some experimental justification for the use

of an ionization potent,ial . Silfkin (63-65) tras shown that in

a series of aromatic compounds there exists a linear relation-

shíp between the fírst ionizatíon potential and the energies

of the excited states of the molecu1e. For this reason the

use of I in place of A n may not be arbitrary. The use of

P/rt as a correction is admittedly difficult to rationalize

at the present time.
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An attempt was made at correlating other shifts with

O. The chemical shifts of the proton trans to the

substituent in monosubstituted ethylene are listed in Table

2.4 and plotted versus O in Figure 2.5. A good straight

line is obtained with an average deviatíon of the points of

only J'2 c/s in a range of 127.2 c/s.

A linear correlatíon with Q is also found for the

chemical shift of the L¡eng_ proton in 1- and 2-substituted

propenes.* once more straight lines are obtained for the

available shifts listed in Table 2.4. The average deviation

of the points for the l-substituted propenes is 4.6 c/s in a

range of 84.6 c/s; for the 2-substituted propenes the average

deviation from the line is only 1.J c/s in a range of Bf.B c/s

The correlation plots allow predictions to be made for the

shifts of 1- and 2-íodopropenes. The predicted shift for the

lrans proton in I-iodopropene is -403 .6 c/s from TMS. The

observed shift in Table 3.1 (for the p-proton in cís.1-

iodopropene) is -367.L c/s. The agreement is poor but no

satisfactory explanatj-on can be given for the discrepancy.

The predicted shift for the 2-iodopropene is -361.0 c/s; the

measured shift taken from Table 2.3 is -350.8 c/s in TMS and

-356.L c/s in carbon tetrachloride. The difference between

*Fígure 2-6
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Chemical shiftsx of
to the substituent X

TABLE 2.4

protons in the 9Igl! posj-tion
in some unsaturated molecules.

x
trans trans trans

ctr2 = cIÐ( CID( = CHCH-) CH^ = CXCH^_/'
J

H

I'

c1

Br

ï

-3tB . oa

^ -.) -b-¿)ö.)

-315 .Bb

-alro Rb

-387 .ob

-344 . oc

-z}t.zd

-344 . Be

-365 . Be

-2g7.Bc

-248. Bf
E

-^- Ol
-JUJ.O

t

-330.6'

* Of the underlined
a rn TMS. Reference

b rn TMS. Reference

Reference Bg.

Reference 113.

Pure. Table 3.1.

Reference 6t.

nucleus in c/s relative to internal TMS.

14.

OU.

c

d

e

f



FIGURE 2.5

The chemical shift., $ , of the proLon trans to the

substituent X in vínyl-X compounds is plotted versus
.2

O = P/trs. The shifts in c/s at 60 ttt c/s are relative

to internal TMS. Data are taken from Table 2.3. The

substituent is indicated by its chemical symbol.
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FTGURE 2.6

The chemical shift, $ , of the proton trans to the

substituent x in 1- and 2-substituted propenes is plotted

versus O = p/Ir3. The shifts in c/s at 6O ¡vt c/s are

relative to internar rMS. Data are taken from Table 2.3.

The substituent is indicated by its chemical symbol.
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predicted and observed shífts is t}.en LO.2 and 4.! c/s for

the two solvents. Thus the agreement for the trans proton

shifts is not good whereas the agreement for the cis shifts

is satisfactory. Perhaps steric effects are the cause of

this discrepancy.

There ís some evidence that the Q effect is transmitted

from the substituent to the p-proton via the pj- electrons in

the dotrble bond.

1. The pi-bond order in the vinyl compounds is to a first

approximation twice that in the aromatl-c compounds.

The ratio of the range of the 9i" ptoton shÍfts in the

vinyl series to the range of the ortho proton shifts is

2 .25:I. Thus for these two i.r=t-J"= the Q ef fect

seems to be approximately proportional to the pi

character of the interveníng carbon-carbon bond,

The coupling mechanism between protons separated by more

than three bonds in unsat,urated molecules proceeds via

the pi electrons. These long-range couplings are larger

íf the coupled nuclei are separated by the straightest

"zig-zag" path (fO). The Q effect ln the vinyl serl-es

is found to be larger at the trans proton; indeed, the

straighter zig-zag path separates the substituent and
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the trans proton.

3. From their mol-ecular orbital treatment of saturaLed

hydrocarbons, Pople and Santry (Zf) conclude that the

C-C bond in ethane has a small amount of double-bond

character. The resonance position of the p-proton in

ethyl - X (X = halogen) i= shifted to low field as the

Q value of the substituent increases.

2-3 Summarv

In this chapter an attempt is made to correlate chemical

shifts of proton and fluorine nuclei situated in positions

qrtho- or cis to a halogen or hydrogen substituent. These

shifts are not readily explained by the theories of magnetic

shielding whích have been proposed. Electron density

calculations fail to explaín anomalies in the aromatic compounds.

The use of van der Waals forces and bond anisotropies leads to

a number of inconsistencies. Inductive withdrawal of electron

density by the substituent predicts trends opposite to those

observed,

For the above reasons a search was made for a nevr inter-

pretation which could correlate these shifts with a greater

degree of success than has been had. It was found that one Q



val-ue of the substituent could correlate both the proton

and fluorine shifts in a surprísingly large number of

compounds. Furthermore cis proton shifts are predicted

with some accuracy from the correlation plots. It is

suggested that the Q value is a measure of the paramagnetic

contribution from the substiÈuent to the magnetic shielding

of the proton and that the effect is transmÍtted via the pi

electrons. The evidence for doing so, however, is not

strong.

There is some indication that the Q correlation is

more widely applicable than originally hoped. Smith and

Cole (fZ\ find that ortho-proton shifts in ortho-disubstituted

benzenes correlate excellently with Q, tlhe Q effect seems to

be additive in meta-disubstituted benzenes and seems to be

present, though greatly attenuated, in some saturated systems

but nothing definite can be said until more measurements are

made. A systematic study of substituted toluenes wíll be

carried out shortly



CHAPTER TTT

CHEMICAL SHIFTS OF THE METIryL AND O-PROTONS OF HALOGENATED

PROPENES AND THEÏR SOI,VENT EFFECTS

3-1 Introduction

ïn Chapter ïï correlations with Q = P /lrt3 \^/ere found

for the p-proton shifts in halogenated propenes. In this

chapter the cr- and methyl proton shifts of cis and trans

halogenated propenes are discussed in the light of current

theories. Anisotropy, van der Waals, inductive and Q-type

interactions are considered. There has also been considerable

interest in the microwave spectra of halopropenes ç 77-83 ) .

Of particular interest as far as the methyl proton shifts are

concerned are the accurate microwave measurements of the

energy barriers to internal rotation of the methyl group.

(ffre rotational barrier depends on the substituent. If this

dependence is a reflection of an electronic interaction between

the substituent and the methyl group, the methyl proton shifts

should also depend on the subsLituent).

The solvent effects of benzene and acetone on all proton
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shifts of the l-halopropenes are also discussed.

3-2 Experimentaf

The l-bromopropene and l_-chloropropene were obtained

as mixtures of cis and lrans isomers (with small- amounts of

the 2-chloropropene) from the K and K Laboratories, Inc.

The l-iodopropene was prepared as descrÍbed in Appendíx I.

The isomers \^zere separated on a Ï¡iilkins chromatograph (moaet

A-ÇO-P) using a six-foot copper column packed with 6O-8O mesh

firebrick which had been coated to the extent of 20 wt.y'" wiL]n

Eastman Kodak trícresyl phosphate. The column, injector and

detector temperatures \^zere, respectívely, 9Oo, 11!o and 15Oo C

for the l-iodopropene , 65o, 9Oo and t5oo c for the

l-bromopropene and 4Oo, 600 and 15Oo for the l-chloropropene.

NMR spectra lvere obtained for the I-halopropenes in

the pure form and in a variety of solvents. Spectroquality

acetone from Matheson, Coleman and 8e11, tetramethylsilane

(fUS) from the Stauffer Chemical Company, Baker Analyzed carbon

disulf ide and Fisher Certif ied benzene v/ere used. The sol-utions

were generally about 10 mole y'" in l-halopropene with 2 or 3

drops of added TMS for reference.

fhe spectra were measured at 60 ltt c/s on a Varian DP60
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spectrometer. The probe temperature was about 2Oo C and was

constant to within I Co. The solutions were contained in 5

mm O.D. sample tubes. Line positions were calibrated using

sidebands from the internal reference TMS. Since the TMS side-

bands were broadened when TMS was employed as the solvent, side-

bands from an external reference (20 votume % benzene in carbon

tetrachloride) were used for calibrating line positions. So

that all shifts could be referred to the same reference, the

rel-ative position of the external reference and TMS solvent was

measured. Line separations accurate to O.05-0.15 c/s were

obtained in this way. They are an average 6 to 10 measurements.

The spectra l/\iere analyzed by the ABX3 effective-frequency

method of Pople and Schaefer ( 84 ) . The u,-, P- and methyl

protons are denoted by the letters A, B and X, respectively.

3-3 Results

In Table 3.

the l-halopropenes

coupling constants
t-0.1-0.3 c/s while

Sample spectra of

In Figure 3.1 the

benzene is shown.

1 are given the proton chemical shifts of

relative to internal TMS and the proton

. The shifts are probably accurate to

the couplings are accurate to O.1 c/s.

the cis and trans l-iodopropenes are shown

observed spectrum of cis I-iodopropene in

The spectrum of this isomer calculated from
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the shift and coupling parameters listed ,i-n Table 3 .1 is

illustrated in Figure 3-2. In Table 3.2 the calculated

and observed line frequencies and intensities are given

for the cis isomer. The relative intensities observed

were estimated from peak heights. No estimation was made

for over-lapping peaks. In Figures 3.3 and 3.4 are

illustrated the observed and calculated spectra of !,€eES

l-iodopropene in benzene. Calculated and observed line

frequencíes and intensities are lísted in Table 3.3.

Deviations between calculated and observed frequencies are

also tabufated. The deviations in calculated and observed

Iine frequencies are generally less than 0.1 c/s . The

deviations were larger for over-Iapping peaks or for peaks

of low íntensity. The line intensities are not readily

estimated. For this reason the agreement between observed

and cal-culated intensities seems satisfactory.

The coupling constants will not be formally discussed

here. They are tabulated, however, because they serve as a

confirmation of the analysis and the assignment of the cis and

!Ig"= isomers. The sign of J4g cannot be determined from the

analysis. However it is almost certainly positive in both

cis and trans isomers ( 85, 86) In vinyl compounds the trans



FTGURE 3.1

Observed proton resonance spectrum of cis l-iodopropene

in benzene ( tO mote %) . The spectrum was obtained at 6O

M c/s on a Varian Dp6O spectrometer. The direction of

increasing magnetic field (tt) is indicated by the arro\^z.

A, B and X refer to the d.-, Þ- and methyl protons respectively

The line positions (relative to internal TMS) and relative

intensities are given in Table 3'2.
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FIGURE 3.2

Proton resonance spectrum of cis l-iodopropene in

benzene ( tO mote %) calculated from the proton chemical

shifts and proton coupling constants listed in Table

3 .1 The numbering scheme corresponds to that j-n

Table 3 '1 . A, B and X ref er to the d'- ' 9- and methyl

protons respectively. The direction of increasing

magnetic field (u) is indicated by the arrow.
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TABLE 3.2

Comparison of Observed and Calculated
Spectrum of Cis l-Todopropene

AB region

Peak
No.

Frequencyx

Calculated Observed

Intensity
Deviation Calculated Observed*

1

2

)J

4

5

O

7

B

o

10

1I

12

13

14

L5

I6

^-^JOU. 
'J

360 .3r

359.24

358.74

353.19

352.97

352.83

35L.90

35r.40

349.48
aJrc Jro

343.82

342.L4

337.6r

336.48

330.27

360.55

?ÃO CR
J)J.LV

358.65

353 .03

352.53

35r.89

351 . 31

a1ro )rL

343 .Tr

342.06

337 .79

336.49

330.37

-o.24

-o. 04

0.09

-0.06
o .30

0 .01

0.09

0.04

0.11

0 .08

-0.18

-0.01

-0.10

0.05

o.68

L.59

o.63

L.95

L.32

L.95

4.4r

).Jl

0.05

4.4r

o.63

r.32

L.59

o.32

0.04

ô70

2.LT

o.7g

5.49
0.00

J.JO

0.51

I .4b

1 .58

0.43
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TABLE 3.2 (continued)

*3 region

peak Frequency

No. Calculated Observed
Intensity

Deviation Calculated Observedx

1

a

I
J

4

5

6

T

B

9

10

11

t2

99.48

95.6r

90.76

90.22

89.ro

Br .9t
('\ /'OO. J)

84.sa

84. o4

83 .50

(ö.o)

74.T8

96.o5

go.B2

O'ì D?

89.62

BZ. BB

86's+

AII. 7o

84.oç

83 .44

TB.zz

0.58

-0. o6

-0.01
o. oB

0. 03

-0.19

-o.23

-0.05

-0. o6

0 .43

o.0g

o.23

1.00

I .91

4. oo

o.7T

o.T7

4. oo

I.9I
1. OO

0.23

0.09

o. rB

o.g4

2. 01

)t cr,

0.71

o.7r
)J tF

2.OL

o.g4

o.rB

xrntensities \,vere obtained from peak heights. Because of
overlap lines 5-9 are not listed.

*"/, to low field of TMS.

-r,ines of low intensíty were noL observed and are indicated
by a dash.



FrcuRE 3.3

Observed proton resonance spectrum of !r.e¡Iq_ l-iodopropene

in benzene (tO mote %). The spectrum was obtained at 60

M c/s on a VarÍan DP6O spectrometer. The direction of

increasing magnetic fiel-d (II) is indicated by the arrovi.

4,, B and X refer to the c.-,9- and methyl protons

respectively" The line positÍons (relative to internal

TMS) and relative intensities are given in Table 3.3.
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FTGURE 3.4

Proton resonance spectrum of t:ans I-iodopropene in

benzene (tO note /") calculated from chemical shifts

and coupling constants listed in lable 3.1. The

numberíng scheme corresponds to that in Figure 3'3.

A, B and X refer to the cL-, P- and methyl protons

respectively. The direction of increasing magnetic

field (ti) is indicated by the arrohr.
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Comparison of

Spectrum of

TABLE 3.3

Observed and Calculated
Trans, 1-Iodopropene

AB Region

peak Frequency
No. Calculated Observed

Intensity
Calculated ObservedDeviation

I

¿

3

4

5

6

7

B

9

10

11

I2

13

14

15

I6

388.44

381. 83

375.36

374.r9

369.06

367 .60

361.13

354.86

343.35

342.26

340.95

339.54

?to 1c
JL). L1

328.03

326.72

325 "3L

3BB.4l

3Br. Z4

375.42

374 3r
369.05

367 .59

361.11

354. 84

343 .34

342.32

341 .01

??O Ã?
JJJ. )J

329.15

328.o4

326.73

325 .22

-o.01
o.0g

-0 .06

-o.12

0,01

0 .0r

o.02

0 .02

o .01

-U. UO

-o.06
0.01

-0 .03

-0.01

-0.01
0.09

o.7r

r.95

T.TI

L.29

0.45

4.o5

)r ca

r.55

r.55
)r ca

4 .05

L.29

o.\5
I.7L

L.95

O.TT

0.71

2.14

1.89

L.22

0.6r

3.67

3.72

T.2B

1.43

4.59

?O?

r.o2

o.56

2.09

2 .35

0.71
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TABLE 3.3 (continued)

*3 Region

Peak
No.

Frequency

Calculated Observed Deviation
Intensity

Calculated Observed

1

¿

)
J

4

75.70

74.4L

69.2t

67.92

75.73

T)+.)+O

69 .zt
67.9o

-0 .03

o.0r

0 .00

0.02

4.00

4. oo

4.oo

4. oo

4.6o

3.BB

4. r4
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coupling is 6-lO c/s larger than the çjÞ. and varies

between IO anð, 2J c/s ( BZ ) . The qis and tgên-g isomers

can be assigned solely on the basis of the magnitude of

the JO" spacing whÍch is repeated a maximum of eight. tímes

in the AB portion of the spectrum. From the analysis JA¡

and J"* can be shown to have opposite signs but their sÍgns

relative to J4g cannot be obtained in this v/ay. However,

JeX is an example of an allylíc coupling which varies between

O and I c/s and is generally negative ( BB ). Spín-decoupling

techniques have shown that JO" and JU* are of the same sign

while J6¡ has the opposite sígn ( 61 ).

3-4 Ðiscussion of the g-proton Chelqical åhifts

A. Inductíve and electríc field effects

In Figure 3.5 the cr-proton shifts of the cis and trans

l-halopropenes are plotted versus the electronegativity of the

halogen . The o-proton shifts are 482 .5 c/s and -386. f c/s

from TMS for the cis and trans l-fluoropropenes, respectively

(6f ). In propene itself this proton shift is -292.5 c/s for

the cis series of compounds and -297.8 c/s for the lrans series

(Be).



FIGURE 3.5

The o-proton chemical shifts, $ , of cis and trans

CH3CH = cIÐ( and cH2 = cIÐ( are plotted versus the

pauling electronegativity, E, of the substituent x.

The shifts are in c/s at 6O ttt c/s from internal TMS

and the negative sign indicates resonance to l-ow

field of the reference.
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The shift measurements on propene and the

l--fluoropropenes were carried out on the pure compounds

at 6o pi c/s . The proton shif ts (rrom Tabl-e 3 .1) for the

l-chloro-, l-bromo- and l-iodopropenes in TMS are plotted.

Also plotted for comparison purposes are the o,-proton

shífts ín vinyl halides at infinite ditution in TMS (60)

and the shifts of ethylene in " 5/" solution in TMS ( r4 ) .

rt l-s obvious that the inductive effect arone is
not able to explain the trends observed in Fígure 3.5. A

gradual displacement to low field from x = H to x = F is

expected if the inductive effect were the predominant

factor at this position.

Mayo and Goldstein fail, after correction for the

anisotropy in the magnetíc susceptibility in the c-x bond,

to find in the vinyr hal-l-des a simpre dependence on halogen

electronegativit,y in the order expected (60). They al-so plot

the cr-proton shifts versus l- /g where t- Ís the dipole moment

of the c-x bond and R is the c-X bond length. The quantity

þ/n is expected to be at best only a rough index of the

change transferred ( 0o¡ . A rough correlation was observed.

However, a high-field shift was observed with an increase in

|',/n wrrereas the erectric field of the c-x bond is expected

to wÍthdraw electrons from the cl-hydrogen and to cause low-



field shifts.

B. The van der !{aals Ef fect

A van der l{aals Ínteractíon with the halogen cannot

be the sole source of the variations in the o-proton chemical

shífts. In the cis.. trans and vinyl seríes this shift in the

fluoride is to low,field of that ín the Lodide ( see Figure

3.5). Since the atomic polarizability increases with the

sl-ze of the atom, the reverse should be the case. fn the

trans l-halopropenes there is Iittle variation for the

chloride, bromide and iodide while a 6O c/s high-field shift

in propene (X = n) and a low-field shift of 30 c/s in the

fluoride are observed. If the a-proton shifts were due

mainly to a van der Waals interaction with the hal-ogên, the

above observations would be surprislng.

C. Anisotropy Effects

Anl-sotropy in the magnetic susceptibility of the C-X

bond cannot reproduce the observed trends. ¿\ X for a

carbon-halogen bond is presumably negative and increases with

the atomic number of the halogen (ZO, 46). Equation 1.18

predicts a high-field anisotropic contribution which should

be largest for X = I and should decrease in the order X : I



/J.

) X = Br ) X : cl ) X : F (52, 60).

the case. Furthermore the a-proton

c/s to high field of that for X = I.

Clearly this is not

forX=Hís60toBO

D. Q Effects

The logícal conclusion is that several factors are

important in determining the shift at the c¿-position. A

quantitatíve separation of the contributions to the shÍelding

is virtually impossible at the present time. Furthermore a

fourth contribution suggests itself. This is a Q-type inter-

action between geminal nuclei. Spiesecke and Schneider (ZO)

observe that the o,-proton shifts ín methyl and ethyl hafides

correlate vúe11 with electronegativity of the halogen. The

most obvious difference (other than hybridizatíon) between

the s-carbon fn saturated and ín unsat,urated compounds is

the presence of a pi electron on the latter. If the

interpretatl-on of Q ln Chapter II is correct, a Q-type

interaction transmitted by this electron is possible.

Qualitatively the distribution of points in Figure 3.5 can be

explained wlth the assumptíon that large contributions to the

shielding arise from the inductive and Q contributions. For

instance the electronegativity and Q are relatively small for
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hydrogen. Hence the points f or X = H are to high f iel-d.

Large low-field contributions from e coufd reverse the

order of the points for r and Br relative to that for cl,

The point for F is always at l-owest field because of a

large inductive effect which compensates for the small

value of Q. The points in Figure 3.5 can be adequately

fitted to an equation in E and e (where E is the electro-

negativity of the halogen substituent) of the form

5 =a+bE-rcQ <. I

where 6' is the shift relative to TMS and a, b and c are

constants. Equations such as 3'r are of doubtfut val_ue

unless the constants can be evaluated theoretically and

shown to agree with the experimental val_ues. untÍl that time

this approach is purely speculative. The neglect of

anisotropy and van der I,vaals forces is perhaps unjustified.

Furthermore, the rerative positions of the points in Figure

3'5 can be rational-Lzed equarly well if large contributions

from induction and dispersion only are postulated.

3-5 Díscussion of the Methyl proton Shifts

The

of the cis

methyt proton shlfts (irt

and trans l-halopropenes

c/s from internal TMS )

and propene are given in
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Table 3.4" The methyl shifts of propene and the

l-fluoropropenes are for the pure compounds whire those

of the l-chloro-, l-bromo- and l-iodopropenes are for fO%

solutions in TMS. The shifts in the inert solvent TMS

are more desÍrable because medium effects are minimized.

CertaÍnly all the shif ts sl: ould be measured under these

conditions. However, it can be seen in Table 3.I that the

difference Ín methyl shifts for the l-chloro- and

l-bromopropenes in the pure st,ate and in TMS solvent never

exceeds L.5 c/s. A fair estimation of the medium effect

makes the methyl shifts in propene and the fluoropropenes

about 1 c/s less negative. This change will certainl-y not

alter the following discussion from whích few definiLe

conclusions can be drawn in any case.

A. Inductive Effects

Since the met.hyl protons in the l-fluoropropenes are

found at highest field, âr inductive effect at the methyl

protons cannot be an J-mportant factor. Thís effect is not

expected to be ímportant since the substituent and the

resonant protons are separated by three single bonds and one

double bond. In the ethyl halides the inductive effect on
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TABLE 3.4

Methyl Proton Chemical Shifts# in CH3CH = CIÐ(

Substituent X C].S SCrIES LLelrÊ series
+

H

F>(

c 1+(

Br*

rls

-OO"7

- 95.7

-r01.3

-101.6

-r00.7

-oo 7

-Bg.B

-97 .6

-97 .o

-98.3

J+// in c/s relative to internal_ TMS. The negative sign
indicates resonance to low fieId.

* pure compound. ref. 89.
x pure compound. ref. 6t.
åÉ ßrt Ln TMS. Tabte 3.1.
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proton shifts is of minor importance at the p-proton which

is three bonds from the substituent ( ZO) .

B. The van der Waals Effect

If a van der Vüaals effect at t,he methyl protons

predominated two trends woul_d be observed:

1. The methyl shift in the ç:is ísomer woufd be to low

field of that in the analogous trans isomer. This

is observed in the halogenated propenes. However,

the difference in shifts is largest in the

l-fluoropropenes (S.g "/=) and smallest in the

l-iodopropenes (2,4 c/s), âh unexpected result since

the iodine should have the largest effect.

2. The methyl shifts in the trans isomers should be

fairly constant but should suffer increased

displacements to low field as the halogen increases

in size in the cis isomers. Except for I-fluoropropene

the trans shifts are roughly constant but the cis

series does not show the expected trend.

The natural conclusion to be drawn from these

observations is that van der Vüaals forces are of secondary

importance in determining the shielding of the methyl protons.
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C. Electric Field and Anisotropy Effects

Most certainl-y Lhese effects would fail to explain

the trends, or lack of trends, ir methyl proton shifts.

Resonance Interaction

There exists one possible explanation for the

anomalies. Fluorine is generally believed to have the

ability to donate electrons mesomerically, that is,

resonance structures with doubly-bonded fluorine atoms

make significant contributions to the overall molecular

structure. This mesomeric donation of electrons increases

the effectíve electron density about the p-carbon atom.

The net effect is to reduce the electron-donating power

of the methyl group and to increase the magnetic shielding

of these protons. Indeed the shifts in the I-fluoropropenes

are considerably higher than those in the other compounds.

The constancy of methyl shifts in propene and in l-chloro-,

l-bromo- and 1-iodopropene requires all- other shielding

mechanisms to be small or to cancel in each case. The

probability of this occurring is negligíble.

The resonance interpretation f ails, ho\niever, to explain



the larger effect in the trans l--fluoropropene. Further-

more the increase in charge at the p-carbon will also

increase the shielding of the p-proton which now should

not correlate with Q as it does (Chapter II).

E. Energy Barriers to Internal Rotation

The constancy of the methyl proton shifts appears

even more mysterious if the energy barriers to the internal

rotation of the methyl group are considered. A brief

discussion of the origin of these barriers in ethane and

in the halopropenes follows.

(") The origin of the barrier potential in ethane

The potential barrier in the ethane molecule is

2.7 - 3.0 kcal/mole (gO). The attempts to determine the

origin of this barrier have been varied and inconclusive.

Mason and lkeevoy (gf) use a simple model based on

a van der Vüaals interaction between the hydrogen atoms on

adjacent carbons to account for the barrier. Lassettre and

Dean ( gZ, gZ) suggest that the barrier arises from a

quadrupolar electrostatic interaction of the C-H bonds.

oosterhoff ( g+) considers both dipolar and quadrupolar

interactions. The right order of magnitude was found by
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attributing a large dipole momenL of 0.7 D to the C-H

bonds.

In L957 Wilson (90) reviewed the theoretical and

experimental progress in the eval-uation of the barrier

potential in ethane and corrcluded that the van der Waals

interpretation was not correct. For instance, substitution

of a single fluorine for a hydrogen atom raises the barrier

onty slightly while substitution of a second fluorine in

the a position lowers it. üIilson concluded that the barrier

r/vas an ínherent property of the axial (C-C ) bona and not

due ín any substantial measure to direct forces between the

attached atoms. Two years later Pauling (gf) developed a

simple valence-bond theory of the potential barrier in

ethane. Qualitative agreement with experÍment provided

support for his theory that the barriers were not a property

of the axial bond but resulted from o<change interactÍons

of the C-H bonds which were dependent on the relative

orientations of the two methyl groups.

Perhaps partty as a corrsequence of the failure of the

nonbonded interactions to account for the size of the barrier

attention has shifted to more complex wave functions

utilizing d and f hybridizatJ-on, excíted valence-bond
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structures and electronic correlation (!6 ana references

thereí"). Recently lriyatt and Parr (gl) stated that their

quantum-mechanical argument "isolated, identifies and

confirms" the source of the internal-rotation barrier in

the ethane molecule. Their conclusions are:

Repulsion by the protons favors the staggered

conformer by 5 kcal/mole.

Interactions between the electron density about the

protons produces a barrier of 2 kcal/mole favoring

the eclipsed conformer.

3. The net result is a barrier of 3 kcal/moIe, in

excellent agreement with the experimental values.

(¡) The orj-gin of the barrier potential in halopropenes

Microwave spectra have been obtaíned for propene,

cis and trans l-fluoro- and l-chloropropene and 2-fluoro-

and 2-chl-oropropene. The barriers to methyl rotation have

been measured and tabulated by Unland et al (83). Table

3.5 is taken from their work. Some interesting trends are

observed. As the size of the 2-substituent increases the

barrier increases whereas an increase in size of the cis

halogen substÍtuent decreases the barrier. The size of the

1.
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TABLE 3.5

Comparison of Barriers to Internal Rotation
in Propene and the 1- and 2-Halopropenes

Compound Barrier
(calrlmole )

Reference

trans

C]-S

trans

CH3CH =

CH3CH =

CH,CH :

CH3CF =

CH3CH =

CH,CH =

cH3cc 1

cHz

CHF

CHF

cH2

cHcl

cHcl

= cHz

T97B

2200

1060

2440

2rTO

6zo

267L

c l-s

T7

7B

(9

Bo

B4

Bz

B3
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lgel5 halogen substituent has a small effect only on the

barrier.

Beaudet and Wilson (fg) suggest an explanaLion for

the lowering of the barrier in cis_ l-fluoropropene with

respect to the trans isomer. The more stable conformation

of the methyl group is not known but they assume that it.

is staggered with respect to the 2-, or p-proton. (rfris is

the case in propene (gg)). Having knowledge of alt- inter-

atomic distances (figure 3.6) Beaudet and Wilson suggest

that the atomic separations are such that repulsive inter-

action between the çis l-fl-uoro substituent and the methyl

protons increases the energy of both the staggered and

eclipsed conformers but the increase is larger for the

lower-eneïgy (staggered) conformer. A net decrease in the

barrier results. As the size of the cis substituent

increases this effect is enhanced. In this way the trend

in the cis series is rationalized. Presumably the

2-substituent has the opposite effect on the eclipsed and

staggered conformers of the 2-halopropenes.

The interactions producing the energy barriers in

the halopropenes are of the order of 1-2 kcal /moLe and vary

by about I.5 kcals in the cis l-halopropenes. Hydrogen



FTGURE 3.6

Staggered and eclipsed conformers of cis l-fluoropropene.
o

The separations in À between the methyl protons and the

p-proton are indicated. Ttre values are taken from

reference 79.
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bonds with energies around 5 kcal-/mole result in proton

shifts amounting to several pp.m. (99 ) and in considerable

C-H stretching-frequency shifts in the IR spectra of

molecules (fOO). Therefore it is not u.nreasonable to

expect considerable methyl proton resonance shifts. However

the entire range of these shifts is only O.lO ppm. in the

cis series where the varíation in the barrier potential is

large and 0.15 pp.m. in the lrans series where the barrier is

nearly constant. Thus, contrary to expectations, [o

correlation between barrier heights and proton shifts exists

in the cis and trans. l-halopropenes.

The methyl proton shifts in the 2-halopropenes are

more strongly dependent on the halogen substituent ( 61).

The trend is to decreasing field with increasing substituent

size. Furthermore the available barrier heights show a

gradual trend here. If a van der Waals interactíon were

important both trends would be compatÍble if the methyl

proton-fluorÍne interaction stabilizes the staggered conformer

with respecL to the eclipsed conformer.

The complete series of halopropenes is now available.

Microwave measurements on the bromine and iodine derivatives

will prove interesting. The cis l-iodopropene shoul-d show
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an extremely low barrier potential while the 2-iodopropene

should show a value in the vicinity of 3 kcalrlmole.

3-6 Díscussion of the Solvent Effects on the Proton

Shifts of the l-halopropenes.

A. Introduction

Solvent or medíum effects on chemical shifts are

well known in NMR. These effects may be either diamagnetic

or paramagnetic dependíng on the nature of the medium. The

most widely discussed solvent shifts are those observed upon

formation of hydrogen bonds and those olcserved in aromatic

media. Buckingham et al (44) discuss the medium effects of

rod-shaped molecules such as carbon disulfide; these arise

primarily from the anisotropy in the magnetic susceptibility

of the solvent molecule and give rise to small low-field

shifts in the solute molecule. In Table 3.1 we see that the

proton shifts in cis and lrans I-chloropropene are displaced

to low fÍeld relative to their values in the inerL solvent

TMS. However we are concerned primarily with the hydrogen-

bond and aromatic shifts which are discussed below.

(") Introduction to Hydrogen Bonding

In all cases the proton resonance is displaced to
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low field upon formation of a hydrogen bond, the only

exceptions to this behavior being connected wíth association

to some aromatic molecules (fOf). The principal- contributions

to the shift were suggested by Pople et al (fOf). The two

general effects are:

1. The proton experiences a magnetic field due directly

to the currents induced in the electron-donor atom

and if this has a nonzero average over aII directions,

there wÍ11 be a net contríbution to the proton

chemical shifts.

2. The presence of the electron-donor atom disturbs the

electronic structure of the proton. The electric

field of the donor atom tends to draw the proton away

from its electrons and consequently reduces the electron

density in its immediate vicinity.

In cases where hydrogen bonds are expected to be

strong, low-field shifts amounting to 1 pp.*. can be expected

(roz).

(n) aromatic Solvents

The large high-field shifts in proton resonance

observed when a sol-ute ís dissolved in an aromati-c solvent

are also well known ( fO¡, 104). The solvent effects are
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readil-y explained on the basis of the large anisotropy

in the magnetíc susceptibility of the benzene morecur_e

(103). A magnetic field Ho appried normar to the ring
induces a circurar current which generates a secondary

magnetÍc field opposed in direction to that of the applied

field (rigure 3.Ta). This can be approximated very

crudely by a dipole placed at the centre of the ring. The

dipolar lines of force oppose the field above and berow the

ring. when chloroform, for example, is díssolved in benzene

a weak hydrogen lcond is formed wíth the pi erectrons

(rigure 3.7b). ordinaríly hydrogen bonding resurts in a

low-field shift. However, while hydrogen bonded to the

benzene, the chloroform proton finds itself in a region

where diamagnetic shíerding by the ring-current effect ís

large. As a result a large high-field proton shift is

observed for chloroform.

Acetonitrile experiences a high-field shift of 1 ppm.

relative to neopentane when both are dissolved in benzene

(ros). Neither solute is expected to hydrogen bond (roo).

schneider ( ro¡) suggests that this is evidence for a specific
interactíon, other than hydrogen bonding, between the polar

cH3cN and the benzene molecules. He Jnterprets the



FTGURE 3.7

(") The direction of the ring current induced in benzene

by a field IIo perpendicular to the plane of the

molecule is indicated by the arrov/s. The magnetic

effect of this current is approximated by an arrow

at the centre of the ring with the magneLic lines of

force illustrated by the dashed lines.

(U ) The hydrogen bond between chlorof orm a-nd the benzene

pi electrons Ís shown.

(.) The mutual orientation of acetonitrile and benzene

as a result of dipole-induced dipole interaction is

illustrated. The direction of the electric dipole

in acetonitrile and the induced dipole in the benzene

molecule are given by the arrov/s, the negative ends

of which are at the arrowheads.
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interaction in terms of a dipole-induced dipole interaction

resulting in a preferred orientation in which the positive

end of the molecule (ttre methyl group) ties above the

benzene ring while the negative end (tne cyano group) i=

repelled by the pi electrons (rigure 3'Tc). If there l^7ere

no specific interaction between the benzene and acetonitrile

molecules involving a preferred mutual orientation of these

molecules, i.e., if the system were completely random, both

the neopentane and acetonitrile would experience the same

environment. To a first approximation both would be affected

in the same way by the magnetic anisotropy of the benzene

molecule. The observed net high-field shift' for the

acetonitrile led Schneider to conclude that this preferred

mutua-l- orientation existed.

Schneider ( fO:) also cites evidence for a mutual

orlentation of vinyl-X molecules with benzene. Presumably

the interaction is similar to that mentioned above. The

polar vinyl-X induces a moment in the benzene resulting

in an attraction between the two molecules. Again a high

degree of specifícity is evident since the !5e¡¡ proton

experiences the largest solvent shift while the cis proton

experiences the smallest solvent shift. Schneider interpreted
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this as a greater tendency for the trans proton to be

located above the ring while the polar X group tends to

lie off the ring ( 103). The effect of benzene on the

proton shifts of the vinyl-X solutes was as large as I

ppm for ! mole fi soluLions.

B. Effect of Benzene on the Proton Shifts in the l-Halopropenes

TMS is a nonpolar solvent and for this reason will

exert only weak van der Waals forces on the solute molecules.

Since TMS was used as an internal reference in all instances,

the difference between a given resonance in benzene and TMS

solutions is a measure of the specific interaction between

the solute and the benzene molecule. In Tabl-e 3.6 are

tabulated these differences for each of the protons. (a

similar approach was used by Schneider for his study on

vinyl-x compounds ( roS) ).

Some interesting trends are observed,

1. In the cis isomers the proton trans to the substituent

(p) is most strongly affected by the benzene whil-e the

protons gis to the substituent (methyl) are the least

affected. In the ËËens isomers, the proton5Ë.rgns_ to

the sr,:bstituent t**Or) are most strongly affected



ac

TABLE 3.6

Solvent Effects on CH3CH = CIÐ( - Benzene Shifts*

$ (nenzene) $ lrrtrs) tor LO% solutions

Proton

þ methyl

x(cis )

c1

Br

ï

x(trans )

c1

Br

I

13 .0

15.0

15.5

L5.6

18 .0

20 -6

19.5

22.!

22.7

10.3

13 .1

L4.T

11 .6

13 .1

15.5

25.4

'¿o.)

')É in c/s from Table 3 .1. The positive sign indicates that
the resonance in benzene is at hígh field.
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while the cis proton (p) is the

This trend is identical to that

in a study of vinyl-X compounds

that the electron-rich halogen

benzene ring,

least affected.

observed by Schneider

(ro3 ¡. This indicates

tends to avoid the

2. The sum of the benzene shifts for each l-halopropene

is larger for the trans isomer Lhan it, is for the cis

isomer. The dipole moments of the cis and trans

isomers of l-chloro- and l-fluoropropene are known

from microwave measurements (TB, 79, Bl, BZ ). The

dipole moments of the I-bromopropenes are also

available (1O5 ). In each case the dipole moment of

the trans ísomer is larger than that of the cis isomer.

ïf the sum of the benzene shifts is a measure of the

extent of mutual orientation of the I-halopropene and

the benzene molecules, the larger value for the trans

isomer can be taken as evidence for Schneider's dipole-

induced dipole model-. (eut see below).

The benzenó shifts at all positions increase for a

gJ-ven series as the size of the halogen substituent

increases. Measurements indícate that the dipole

moments of the propenes (except the l-fluoro isomers)

aJ.
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increase in the opposite order, that i=, the relative

order can be predicted from the electronegativities

of the substituents. These increases in the benzene

shifts are surprising if Schneider's dipole-induced

dipole interpretation is correct.

Hruska, Bock and Schaefer ( fO6) conclude that an

unmodified dipole-induced dipole model used for the alkyl-X

and vinyl-X shifts in benzene j-s not quite compatible with

their næasurements on cis and trans díchloro- and dibromo-

ethylene. It was noted that the aromatic shifts of the

dibromoethylenes were slightly larger than the shifts of

the corresponding dichloroethylenes, Even more surprising

was the fact that the nonpolar trans molecule experienced

aromatic shifts almost as large as the cis isomer. A mutual

polarization of the solute and solvent via a dispersion

interaction was suggested as an explanation of these anomalies.

A simple van der Waals, or dispersion, interaction ordinarily

leads to a l-ow-f ield displacement (44 ) but in these instances

it was assumed to lead also to a mutual orientation of solute

and solvent. Since the dipole moment is larger for the cis

dichloroethylene than for the cis- dibromoethylene, the

larger benzene-shÍft values for the latter l-ndicate that the
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dispersion interaction ís more important than the polar

interaction. The same conclusion can be drawn from the

large values of benzene shifts for the nonpolar trans

dihaloethylenes .

A similar dispersion effect can be ínvoked to

explain the substituent effect on the benzene shifts in

the l-haloproperres. The dipole moments of cis and trans

I-iodopropenes are not yet availabl-e but we can assume

from the trends in the vinyl halídes ( fOl) tfrat they will

be less than those of the corresponding l-bromopropenes.

That the benzene shift at each position increases with the

size, and polarizability, of the sr.rbstituent indicates that

the dipole-induced dipole Ínteraction Ís of secondary

imporLance for the l-halopropenes, âs also seems to be the

case ín the dihaloethylenes.

C. Effect of Acetone on the Proton Shifts in the l-Halopropenes

The acetone shifts, 5 (acetone)- 6(TMS) , Í-,or the fO/"

solutions given in Table 3.1 have been evaluated and listed

in Table 3.7. The trends observed are now discussed.

1. The acetone shifts of the methyl protons are small in

both the cis and trans isomers of each I-halopropene.
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TABLE 3 -T

Solvent Effects on CH3CH = CIÐ( - Acetone Shifts*

$ (acetone) $ (ri,ts) ror IOfi soLutions

Proton

þ methyl

x(cis )

cl
Br

ï

x(trans )

c1

Br

T

-L2.8 -L3 .7

-1r.3 -r2.4

- 8.9 -10 .3

-13.o 6.9

-r2 .4 6.r

-10.1 6 .6

-2.L

-r .3

-2 "O

)-L at

-4.6

)+ in c/s from Tabl-e 3.1. The negative sign indicates that
the resonance in acetone is at low field.
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Pople et aI ( fOZ) fist hydrogen-bond shifts for a

number of simple hydrides. These shifts are zeîo

for methane and ethane indicating Lhat the methyl

protons have little, oî flo, tendency to form

hydrogen bonds. All-erhand et al (fOO) cite IR

evidence that a single electron-withdrawing group

attached to an sp3-hy¡ridized carbon is not

sufficient to make proton donors of the hydrogens

attached to this carbon. If three withdrawing

groups are present on an =p3-".rbon strong hydrogen

bonds may be formed. Paterson and Cameron (fOZ)

observe a hydrogen-bond shift of O.9 ppm" for

chloroform in acetone.

In the l-halopropenes only a single electron-

withdrawing group (-cit = CIÐ() i= attached to the
?spJ-carbon. The smal-l- methyl acetone shifts indicate

the absence of any significant hydrogen-bond formation.

The sma1l values can be attributed to dispersíon forces

or to the anisotropy in the magnetic susceptibility of

the solvent molecules (4a).

2. The acetone shifts of the o-proton, the largest of

which is 12.8 c/s (O.ZZ pp.m.), are small- compared to
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fn the East Arm, the 'l argest numbers and biomass

occurred d.uring sample period V" the East Arm was J_a.r.gely

dominated by crustaceans tha't, d-id nct reach their maximum

until la"te in the summer. The dominant dinter.an t'¡as

l"Iicrotend.ipedes (Tabl-e XII) uhich also occurred mos',,

f recluently tor.¡ard. autu-mn.

liexagenia, reached- its maximum du-ring a similar period 
"

The cumulatíve effect produced by similar life cycles was

l-argely responsibf e f or the autumn maximu,m "

Analyses of varia.nce has ind.icated- i;hat benthic

biomass and num.bers along a transect did. not vary

significantl-y through the summer of 1963 (taltes f X and. X).

This r+ould suggest that r.¡hen one group of anj-rnal-s was large

or smal-l- , abundant or absent , anothe r group was in a

The large eph.emeropteran,

complimentary relationship "

given by Big lüave Bay and. East Arm resul-r,s (¡'igure B) . In

Big Wave Bay, f or example , as the Ìviof 1us ca and. Diptera

increased. and- then decreased. in numbers, the crustaceans

and. oligochaetes usually decreased and -r,hen increased. The

rea.son for thís is unknor.rn

specific intol.era.nce may exist "

r,¡oul-d. appee.r as su,ch mainly becau-se of dispersion of some

orga.nisms to fess favoura.b-l-e ha.bitats " Even some of 'r,he

0nly sligh-r, evid.ence of this is

d-ynanic groups e sr-rch as the Ephemeroptera and Trichopt erà e

l¡ou1d. generally tend t o produce equ-al- l-evel s of biomas s ,

A certain d.egree of inter-

If this is tru-e, d"ecreases
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This is surprising because the a-proton is expected

to be more acidic, The anomaly can be rational:zed

by postulating a considerable contribut.ion to the

shifts from the electric reaction field of the polar

l-halopropene molecules. A short review of this

phenomenon follows. (see also J!, 44, 106).

The electric field associated with a polar molecule

polarizes the surrounding medium. This polarization which

is proportional to the magnitude of the dipole and depends

on the dielectric constant of the medium gives rise to a

secondary, or reaction, field. This secondary fietd further

polarizes the solute molecule and hence wÍ11 be manifest in

a chemical shift. A useful model f or evaluating the

secondary fiel-d is the onsager approach which represents the

polar molecule by a sphere with a point dipole at the centre

and represents the medium by a continuum (fOg). Buckinghamrs

equation 1'15 is useful for estimating the effect of an

electric field on the shift of a proton bonded to carbon. If

the Onsager expression for the reaction field is substituted

into r'r5, the reaction field effect o-R is given approximately

by

rn -a ¡t cos 0 ?.D
JL
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where a is a constant for a given solution, lL is the

dipole moment of the molecule and O is the angle between

f and the C-H bond direct.ion. Thís contribution to the

shielding is zero if Ê = 9Oo: positive if ö > 9Oo and

negative if i) < 9Oo.

In cis l-chloropropene the dipole moment is almost

perpendicular to the cr C-H bond (O = B5o, cos {J : O.O9)

(BZ). In cis l-fluoropropene this is also the case

( ê = BOo, cos È = O.t7) (79). It is not unreasonable

to assume that this angle is also large in cis l-bromo-

and cis l-iodopropene. Hence the reaction field effect

at the o,-proton in the cis isomers is smaIl. The angle

between the I C-H bond and the dipole moment in.qjå l-chloro-

propene is smalI ( 0 : 34o, cos {) - O.B3). Hence the

p-proton will experience a retatively large low-field

contribution o-* from the reaction fierd. From the work of

Hruska et aI ( fO6) an estimate of |-LO c/s to low field can

be made for this effect at the p-position, from the known

values of the dipole moments of the cis l-halopropenes. If

this interpretation ís correct the acetone shift at the

cr-proton is due prÍmarily to hydrogen-bond formation while
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the acetone shifi of the p-proton consists of significant

contributions from the reaction field as well as hydrogen

bondíng.

This hypothesis can be readíly tested with the

availabl-e data in Table 3.7. In the trans isomer both the

o, C-H and Ê C-H bonds are nearly perpendicular to the

dipole axis ( 78, Bf) . In this case the reaction field is

expected to be small at both positions. Clearly the

acetone shift of a-proton which experiences no reaction-

field effect in either ísomer is almost constant. The

acetone shift, of the p-proton has been reduced by 4.8 to

6.8 c/s in the trans isomer. Thís reductÍon presumably is

due maínly to the reactÍon-field effects.

The reduction of the acetone shift at fl-proton in

the trans isomer relative to that in the cis may be due in

part to sterlc hindrance to hydrogen bonding by the halogen

placed cis to the p-proton. However this cannot be the

major factor since the reduction is least (4.8 c/s) for the

largest substituent iodine and largest (6.8 c/s) for the

smallest substituent. fhis result is compatíble with the

reaction-field interpretation but not with steric hindrance.

The reaction-field effect may also account partially
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for the acetone shift of the methyl protons. However,

estimates would be difficult to make because of the

rotation of the methyl group. Furthermore the shifts

are small and difficult to treat in any conclusive manner.

3-7 Conclusions

The o-proton of the l-halopropenes dissolved Ín TMS

are discussed in terms of inductive, van der lriaals,

anisotropic and Q-type interactions with the halogen

substituent. However no simple explanation can be given

for the trends observed. This proton is strongly affected

by several factors but neither a quantitative nor suj-table

qualitative separatíon of contributions can be made. The

methyl proton shifts are also unexplainable by current

theories of shielding. The constancy of methyl proton

shifts ín the cis I-halopropenes is made more surprising

by the observation that the barriers to the internal

rotatiør of the methyl group vary consíderably.

Solvent effects are also discussed. Evidence is

cited for considerable dispersion interaction between the

I-halopropene and. benzene molecules. Furthermore this

interaction appears to be more ímportant than the dipole-
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induced dipole interaction. Aromatic solvent effects

should be useful in identifyíng the cis and trans isomers

of ethylenic compounds.

Evidence ís also cited for the formation of weak

hydrogen bonds by the ethyleníc protons. The acetone

shift of p-protons is qualitatively explaíned by postulating

roughly equal contributions from hydrogen bonding and from

the reaction field of the polar l-halopropenes. The acetone

shifts of the o-proton are assumed to be due mainly to the

formation of weak hydrogen bonds.



CHAPTER TV

A LTNEAR CORRELATION OF PROTON CHE,MTCAL

OCCUPATION NUMBER OF THE IIYDROGEN

4-r rntroduction

SHTFTS WTTH

ls ORBITAL

It, is generally accepted that the paramagnetic

contribution in the Ramsey formulation is small for protons

because of the large excitation energies of the wave functions

centered on the hydrogen, However, if the interpretation of Q

is correct, significant variations in this term are possible

for protons in unsaturated systems " On the other hand,

proton shifts ín saturated systems might still reflect changes

in the diamagnetic contribution to the proton magnetic

shielding. Evidence for this is found in a linear correlation

which exists between proton shifts of some alkyl halides and

some hydrocarbons and the occupation number of the hydrogen

ls orbital- in the C-H bond. The occupation number is defined

as the effective electronic charge (which may be non-integral)

in a given orbital. A simil-ar correlation between the charge

on the carbon atom and the carbon shift in the chloromethanes
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has already been pointed out lfff).

Recently, the sel-f-consistent group orbit,al and bond

electronegativity method has been employed to calculate the

orbital charge distributions in some hydrocarbons and

aliphatic chloride= (ff5 ) . The calculation of the charge

distributions begins wíth a chemically reasonable value of

the occupation number for one orbital- and then iterates to a

self-consistent charge dístribution. the calculated

occupation numbers are used in the correlation.

4-Z The Cs¡îrel-at.Log gith occupatÍog Nurürer

In Table 4.1 ttre occupation numbers, n, of the

hydrogen orbitals in a number of hydrocarbons and aliphatic

chlorides are presented, as are the proton shifts relative

to internal tetramethylsil-ane for Jfi soluLions in carbon

tetrachloride and cyclohexane. In a few cases the solvent

was chloroform or tetramethylsilane. Ideal1y, the proton

shifts in the gas phase are required to elimínate solvent

effects (4+ ¡ but these are not available for most of the

compounds in Table 4'f. The most extensive data are for

carbon tetrachloride sol-utions although cyclohexane is

preferable as a solvent.
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TABLB 4.1

Hydrogen-Orbltal Occupation Nr:mbers

some Hydrocanbons and Alky1

and Proton Shl-fts for

ChLorídes

Cqmpound+Ê

ChemicaL shift in:

ccL|, 
"6nLr*

Hydrogen-bond
shlft, at 27 CnT

cHgcL

cldzcL 2

cHcL3

cH^cH^cl-
-J4

cHâcHrc1
¿a

cH^cHcl-^J- ¿

cH3cHcl2

cHzcLcHzcL

cH3cc13

cHzcLcHcL2

SHLOLC-CL2

cH^clccl_^
-¿J

cHcLzcHcL2

0'936

0 .888

0 .843

0.968
0.926

o '890

0 "955

o.923

o .943

u.ãzo

186

318

436

90

2LL

352

L34

tt.)

165

236

s44

257

356

L72

309

426

83

205

s46

1L8

2L5

158

229

337

250

347

5ro

262

409

4L6

7C

t
Protons ín question are underl-lned.

Occupatíon numbers in uníts of electrons are fnom

reference LLs.

ChemicaL shíft, in c/s at 6O t'tc/s to low fíel.d of
internal TMS; referenee LL7,

TMS solvent; reference 52,
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TABLE 4.1 (continued)

Chemical shift ín:

compound-)f nt ccL.r co\f iil#i*åloiiu.-

cHcLzccL3 _ 257 359

cHL 0.985 15"

crrrcurcH3 o .981 5'5ll

(cu, )nc o .980 56i-

cz]Ë-z o . gg1- 11011 g6f

czr4 0.931 3zolf 318'

a CDCL. solvent; reference 118.
J

rt Reference LLg.

li Reference l-20.

rf t¡¿S solvent; reference LzL.

' Reference 14.
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In Fig. 4'f the proton shifts in carbon tetrachloride

are plotted versus n. For the alkyl chlorides there is a

linear correlation and the shielding decreases with the

occupation number of the hydrogen l-s orbital. The

proportionality constant is 46 + 1 pqm. per electron, ês

compared to 27 ¡¡pm" calculated for the shieldÍng in the

hydrogen molecule (f ). fn the alky1 chl-orides the hydrogen

orbital- is probably much less diffuse and this would lead to

a higher value for the proportionality constant. However,

the matter may be more complex.

The shifts of the methyl protons in propane and

neopentane also fall very near the correlation line in Fig.

4'r.
In Fig. 4'2, the proton shÍfts in cyclohexane are

plotted versus n. Again a linear correlation is noted for

the a1kyl chlorides. The slope of the line is nearly the

same as that in Fig. 4.f, but is slightly displaced to high

field. Here the methane shíft (measured in tetramethylsilane)

devíates strongly to high field from the extended correlation

line. If the correlation line held it would indicate

rì = O .996 f or the hydrogen orbital in methane and n : 1.002

for the hydrogen orbÍtal in tetramethylsilane (obtained by
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The proton shífts, 6 , ln c/s at 60 Mc/s of some hydrocarbons

and alkyl- chl-orídes l-n carbon tetrachloride pLotted versus

the occupation nr:¡rber in uníts of electrons, n, of the

hydrogen ls orbital. Negaüive shifts indicate resonance

to low field of the reference TMS.
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FTGURE 4,2

The proton shift, $, in c/s at 6O Vtc/s of some hydrocarbons

and alkyl chlorides in cyclohexane plotted versus the

occupation nr:¡nber in units of electrons, n, of the

hydrogen ls orbitaL. Negatíve shifts indj-cate a

resonarrce to Low fíeld of the reference T¡4S.
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extrapolating to zero shift). Silicon is expected to

donate charge to the methyl group.

4-3 Application of the Linear Correlatign

A) Prediction of n from Proton Shift

For three chlorinated ethanes in Table 4.t ttre

occupation numbers are not yet calculated but they can be

obtained from Figs. 4.f and 4.2. The predícted n values

from the two plots agree to within 0.001 units and are

n(cnc12-cn2c1) = o.916; n(cuc12cu2c1) - O.8T6; n(ccl3cn2cr) =

o.9O9; n(ccl3cHcl2) : O.868. The proton shift woutd seem to

present a reasonable value for n and al_so serves as a check

on the calculation. As an example, the proton shift of the

methyl proton in 1rl-dichloroethane indicates n = 0.821

instead of the calculated n - 0.890. The fatter is marked

as a cross in Figs. 4.f and 4.2 and is the only l out of 10

that deviates significantly from the correlation line.

fn order to test the correl-ation plots the proton

shífts of the gases neopentane (c5up) , thiomethyl alcohol

and methane were measured in either cyclohexane or carbon

tetrachloride. The occupation numbers of these protons have

been cal-culated (rr¡). solutíons in carbon tetrachloride oï
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cyclohexane were prepared jrr a vacuum system. The

concentration of the dissolved gas was between 1-5 mole

per cent, estimated roughly from the NMR peak intensities.

The NMR spectra v¡ere obtained on a Varian DP 6O spectrometer

operat,Íng at 60 megacycles. Line positions were calibrated

by the side-band technique using internal TMS as a reference.

The neopentane and methane spectra consisted of a single line.

The chemícal shift is given directly by this line position.

The thiol spectrum was considerably more complicated but was

readily analyzed as an AB3 system (e - SH and B3 = 
"%). 

A

sÍmplified approach to the analysis has been given by Diehl

(n6).

The measured proton chemical shifts relative to ínternal

TMS are listed in Table 4-2. The predicted occupation numbers

corresponding to these shifts were obtained from either Fig.

4.1 or 4'2, depending on the solvent used. The occupation

numbers calculated by the self-consistent group orbital and

bond electronegativity method are taken from reference f15.

The units of n are electrons.
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TABLE 4.2

Occupation Numbers Calculated and Predict,ed from

Proton Shifts l-n Units of Electrons

Solute Solvent
Proton Shift

("/" from TMS) n(predicted) n(calculated)

CHt'T

cH,,
+

cyclohexane

carbon
tetrachloride

cyclohexane

carbon
tet.rachloride

carbon
tetrachloride

-11.1

-14.1

-55.4

-r22.6x

-Áa RJ+vJ.v

o.996

0.998

o. gB1

o.958

o. g8o

o.985

o.985

o.g8o

o. g8o

o.972

cDHtz

CH^SH
-5

CHaSH

*shift of underlined protons.
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The agreement is good only in the case of neopentane.

The deviatíons in the thiol are interesting in that they are

of opposite sign. If the anisotropy in the magnetic

susceptibility of the C-S bond j-s larger than that of the

C-C bond, this can be ratÍonalized very simply by evaluating

the geometric factor 1-3 cos2} at the CH, and SH posÍtions.

A scale diagram of thiomethanol was drawn using the bond

lengths and bond angles tisted in Interatomic Distances ( ttO ).

The origin of the dipolar field was placed at the electronic

centre of the C-S bond, Then the angle factor is positive at

the S-H proton and negative at the methyl protons. The sign

of the C-S bond anisotropy is not known but the deviations

indicate that it is positive. The hazatd in using McConnell's

equation ( t.tg ) tor quantitative measurements have been

pointed out; for this reason only qualitative estimates have

been attempted.

B) Hydrogen*Bond Shifts

As n decreases the C-H bond becomes more polar and is

expected to hydrogen bond more strongly with a proton acceptor.

In Fig. 4.3 the four known hydrogen-bonded proton shifts

ín dimethyl sulfoxide are plotted versus the occupation number



FIGURE 4.3

Hydrogen-bond shifts (of the underlin¿d hydrogen atom)

in dlmethylsul-foxíde, 6 , plotted versus the occupation

number in uníts of electrons of the hydrogen ls orbítal,

n.
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of the hydrogen orbital in the C-H bond. The shifts were

obtained by the method of Huggins, Pimentel, and Shoolery

OZZ). There appears to be a linear correlation for this

restricted number of values. For two of the points in Fig.

4'3 the n values were obtained from the plots in Figs. 4'f

and this suggests that correlations of thÍs sort will be

useful in hydrogen bond studies by proton resonance.x

C ) Estimates of Bond Anisotropies

In view of the considerable anisotropies attributed

to C-C and C-Cl bonds (serI?-g), the linear correlations in

FÍgures 4'1 and 4.2 are perhaps unexpected unless they happen

to be equivalent to the C-H bonds in this respect. For

exampleltwo points on the line in FÍgure 4'1 are H- c'!it
cr -cl

and H - c/- cL. Replacement of a hydrogen by a chlorine
-c1

is certainly expected to reduce the occupation number of the

remaining proton. However, unless the C-H and C-Cl bond

anisotropies are equal, the chl-oroform proton is expected to

experience a larger anisotropic shielding effect and hence

is not expected to correlate with occupation numbers. The

/ H CH-'
underlined protons in II- cl 

"t 
and H-ci 

"t' 
also correlate

cr tcl
with occupation numbers. The occupation number of this proton

should be increased because of the larger electron-donatíng

*Furthermore a zero hydrogen-bond shift is predicted for methane.
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po\iüer of the methyl 9roì-1p. The cal-culated values in Table

4.f indicate that this is so. Howeverrunless the C-H and

C-C bond anisotropies are equal correlation with occupation

numbers is not expected. The presence of the correlation

suggests that the C-H, C-C and C-Cl anisotropies are equal.

If they are all small this conditÍon is satisfied.

In their review of anisotropy Pople and Bothner-by

( 4g) state that litt1e theoretical justification exists

for some of the large values of C-C and C-H bond anisotropies.

They show that C-C values greater than 4.5 * tO-6 cm3,/mole are

absurd. Furthermore their listed values of C-H anisotropies
a

are never larger than 3.O x IO-u cmj,/mol-e. Schaefer e! al

( 46 ) estimate a c-cl value of 5 x Lo-6 cm3/mole. Perhaps

the apparent cancellation of anisotropic effects ls not too

surprising.

V'ihatever the explanation it, is instructive to consider

the ethylene and acetylene proton shifts. On the assumption

that the deviations of these shifts from the lines ín Figs.

4.1 and 4'Z are a measure of the anisotropy contribution of

the doulcle and triple bonds, one calculates Al = 3.8 pPrn.

for acetylene and A,6 : -2.I ppm.for ethylene. fhese

contributions are of the right sign and compare with
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^E 
- )+.0 + 0.5 p.p.m. for acetylene derived by the method

proposed by Reddy and Goldstein (fef) for the empirical

estimation of anisotropy effects through the use of directly-

bonded carbon-hydrogen coupling constants. The ratio of the

values for the two compounds is -L.9, in rough agreement

with that calculated from molecular orbital theory (feA).

4-4 conclusion

The linear correlation between the proton shift in

alkyl chlorides and some saturated hydrocarbons and the

occupation number of the hydrogen orbital in C-H bond

suggests its application in predictíng starting values for

occupatíon numbers in the iterative process for the

calculation of charge distríbutions in molecures; in deriving

bond anisotropies in some cases while, ât the same time,

casting doubt on some current values for others; and in

predicting hydrogen-bonded shifts in equilibrium studies by

proton magnetic resonance. The abí1ity to predict occupation

numbers was tested with little success. In only one case out

of five dÍd the value predicted from shift measurements agree

with that calculated. However several occupation numbers are

now available for some bromo derivatives of methane and ethane
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A linear correlation ís apparent here though the correlation

line is not coincident with that for the chloro derívatíves.

Slnce none of the compounds listed in Table 4'Z contain

chlorine they are perhaps menùcers of some other correlation

plot and for this reason accurate values of theír occupation

numbers cannot be predicted from Figs. 4.f and 4'2.

The excellent correlations fn this chapter indicate

that the proton chemical shifts Ín some simple hydrocarbons

and their chloro derÍvatives reflect changes in the locaI

electron density of protons in saturated hydrocarbons. If

thÍs is the case variatÍons in the local paramagnetic

contrlJcution to proÈon shlelding in these simple compounds

are not fmportant.

i. ;r

i.t,
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APPENDÏX Ï

Preparation of Cis and Trans l-Iodopropene

A) Stgrlinq Matería1s

(f) l-Bromopropene*: K and K Laboratories, Inc. This

commercial product contains cis and trans isomers and

a smaIl amount of 2-bromoPropene.

(z) Di-n-butyltin dichloride (practical)x: Eastman

Organic Chemicals.

(:) Tetrahydrofuran: Fisher Certified Reagent.

(4) Magnesium (powdered, 7O-BO mesh)x: Fisher scientific

Company.

(f) Iodine (resublimed reagent A.C.s.)*: Baker and Adamson

Laboratory Chemical.

(6) ammonium chloride*: Mallinckrodt Chemical Works.

0) Diethyl ether*: Fisher Scientific Company.

*Used without further purification.
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B) Pur=Lfication of Tetrahvdrofuran

since the l-iodopropene \das prepared via a Grignard

reagentr püIification was necessary. One liter of tetra-

Ïrydrofuran (tnf') was refluxed over calcium hydride for more

than 24 hours and distilled into a flask containing lumps

of sodium. To this was added 10-20 mgs of recrystallized

napthalene and the flask was fitted to the reflux condenser

of a Vacuum system. With the pressure-release valve open

refluxing was continued until the sod.ium-napthalene complex

was formed, characterized by the appearance of a dark green

colour. (ffre complex is destroyed by a slight trace of

water). The THF was then distilled under vacuum to a storage

bulb which kept the liquid from contact with the atmosphere.

c ) Pfocedure

The proposed reaction scheme for the preparation is

as follows (tz5),

cH3
t"-

H

cH3

H

c

ll

and C:

H

cft=

Bu= n - butyl radical
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1. RBr + Mg ----> RMgBr

2. 2 RMgBr + Bu2SnC12 
---) 

Bu2SnR2 + 2 MgBrCl

3. Bu2SnR2 + 2 12 ----> Bu2SnI2 + 2 RI

The amounts of materials used were such as to make

the solution of RMgBr about I.5 M; very dilute or very

concentrated solutions were deemed undesirable. Thus about

15O-20O mls dry THF, 38 grams of the mixed bromopropene and

B grams of magnesium \^/ere measured out. (e slight excess of

magnesium was used).

The apparatus \^/as set up as in Figure 1. The reaction

was started with a small amount of magnesium and l-bromopropene

mixture dissolved in about 2l mls of THF. The reaction started

after one hour of vigorous stirring, proceeding with consider-

able foaming.

When the reaction had subsided, the remainder of the

magnesium \À/as f lushed into Lhe reaction flask with the

remaining THF. The l-bromopropene was added dropwise with

stirring, care being taken to keep heating and foaming at a

minimum.

A saturated solution was prepared by dissolving about

3T grams of di-n-butyltin dichloride in dry THF. (ffris weight



FIGURE 1

Apparatus used ín the preparation of cis and trans

1-iodopropene.

A. 500 ml. three-neck round bottom flask"

B. Condenser.

C. Mercury seal stirrer drÍven by electric motor.

(earaffin oil was used in the seal).

D. Pressure equalj-zing separatory funnel.

E. Test tube with paraffin oil used to indicate the

N2 flow rate. The N2 gas was passed through the

system in order to provide an inert atmosphere

above the reaction. The N2 was bubbled slowly at

about 20-25 mls" per minute.

F. Heatíng mantle"
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of the tin compound was about ZJfi undex the theoretical

amount required. An excess of RMgBr at this stage was

originally thought to be advantageous; however, now it is

felt that stoichiometric quantities are preferable ) . The

saturated solution was added to the reaction flask and the

reaction mixture was refluxed overnight at approximately

4Do c.

After refluxing most of the THF was drawn off under

vacuu.m. (eutSnR2 has a Iow vapor pressure and is not

appreciably lost). Approximately lOO mls. of ethyl ether

which need not be exceedingly dry were added. (ffre

subsequent step involves addition of water to the system;

sínce THF is miscible with water while ethyl ether is not,

two easily separable layers witl be formed if THF is replaced

by ether). A saturated solution of ammonium chloride in 25

mls. of water was added dropwise with stirring. Magnesium

halides were precipitated in this step. (fin halides can be

precipitated by passing dry ammonia into the reaction mixture

(nn) nut it was found that this step coul-d be safely by-passed)

Since Bu2SnR2 is not volatile, the low-boiling solvent

and impurities can be drawn off in a vacuu.m system. At this

stage there should loe approximately JB grams of Bu2SnRr. The
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next sLep involved cleavage of the Sn-R bond wíth iodine.

About L5 grams of iodine viere weighed out i this amount

will remove L/2 R per Bu2SrR2.* The íodine was added slowly

to the ice-cool-ed Bu2SnR2. This step proceeds rapidly as

indicated by the decolorization of the iodine. The solutj-on

was transferred to a vacuu.m system and the volatile

iodopropenes were drawn off. fhe solution remaining rvas

again treated with iodine in an attempt to retrieve more

iodopropene which may be expected- to be contaminated with

increasíng amounts of n-butyl iodide. Initially about 5 grams

of final product !üere isol-ated, indicating a JOfi yLeIð,.

The impure iodopropenes were chromatographed on a

wilkíns chromatograph (tttoaet A-90-P). A six-foot copper

column packed with 6O-8O mesh firebrick coated to twenty

weight-per cent with tricresyl phosphate was used. The

boiling points of the iodopropenes were estimated to be

about 9Oo c. Therefore the column was kept at lOo c. The

injector and detector were at 1t5o c and 1!Oo C, respectively.

Good separation of the isomers was obtained using 4O ¡rf

injections and a helium flow-rate of 60-70 mIs,/min. The

xBy keeping this tin compound in excess the formation of
butyl iodide ís suppressed. However subsequent treatments
with iodine yielded iodopropenes of comparable purity.
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separated isomers were collected in NMR tubes immersed in

acetone cooled by liquid air and stored over dry ice.

A mixture of the l-iodopropene vüas sent for micro-

analysis.x The results of the analysis are tabulated in

Table I.

The analysis is j-n good agreement with the formula

CH3CH = CHI.

Proton resonance studies \^iere further confirmation

of the preparation (see Chapter IfI). Calculated and

observed spectra are given in Figures 3.1 - 3.4. From the

magnitudes of the coupling constants, chemical shifts and

solvent effects, it is fairly certain that the preparation

was successful.

* Geller Laboratories,
P. o. Box 6400,
Charleston, Vü.Va . 25302
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APPENDTX ÏÏ

In Chapter I McConnell-'s treatment of magnetic

anisotropy effects in proton magnetic resonance v/as

discussed briefly. It was noted that the dipolar

approximation used in the derivation of equation 1. fB is

accurate only if the shielded nucleus ís at least 6 bond

lengths from the anisotropic electron distrÍbution. fn

addition to this defect equation 1.18 is unable ín certain

instances to determine even the sign of the contribution

to nuclear magnetic shielding. This second difficulty

arises in the placement of the origin of the magnetic

dipolar field.

The positioning of the origin of the dipolar field

has been rather arbitrary. It has been placed at atomic

centres (tzS) and at the midpoints of bonds (SZ). Since the

anisotropy in the magnetic susceptibility is a property of

the electrons in a chemical bond: Positioning the origin at

the electronic centre of graviLy is also reasonable. It is

shown here that, in fact, diamagnetic or paramagnetic

contributions from the magnetic anisotropy of a given C-X
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bond are predicted dependÍng on the choice of the origin.

The vinyl-X compounds where X is a halogen or hydrogen are

used to illustrate this second difficulty.

The C-X bond in vinyl-X compounds is expected to have

an anisotropic effect on the shielding of the proton cis to

the substituent. For a given value of AX, the anisotropy

in the magnetíc susceptibilíty of the C-X bond, the sign of

the shielding contribution depends on the factor (f-¡ 
"o#O )

where Ð is the angle between the vector drawn from the

origin to the gr,1 proton and the C-X bond directÍon. Scale

diagrams of the vinyl-X compounds were drawn from the

available data in reference 110 and 0 was obtained to within

10 with a protractor. The values of e and the corresponding

angle factors are gÍven in Table II. They are evaluated at

each of the three suggested origins.

fn all instances except X = H the sígn of the shielding

of the gi" proton when the origin is placed at the substituent

is opposite to that when the origin is placed at the centre of

the bond. For X = Br and X = I opposite signs are olctained if

the origin is placed at the midpoint of the C-X bond or at the

electronic centre. Therefore it. is felt that the arbítrariness

in the placement of the origin of the dipolar field can be a
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serious defect in the use of equation t.IB for estimating

absolute values of the contribution to magnetic shielding

from bond anísotropies. However the angle factors are seen

to increase in the same fashion no matter where the origín.

For thís reason equation 1.IB may perhaps be useful in

predicting trends in proton shifts in molecules of símilar

geometry if other effects are negllgible, absent or readily

estimated.


