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~ABSTRACT=

T

Tickling and decoupling {(triple resonance) techricues shesr

that the orthe, meta and para ring proton coupling constants (JH e
¥

JH . and JH H “&spectively} have tha same sign in E-bromseSe-shlorotolusne

and are positive since J is positive., Decoupling experiments zalse

Ho

show thalt the methyl proton coupling te the ring protons in the orthe

and para position to the methyl group (JH cH and Jﬁ CH ) is nsgative
3

while that to the meta position (J ) is positive. The signs of

H¢Cq3
the long-range couplings and JH y are in agreement with the ¢=1 &X-
change mechanism and the theoretical basis developed by MeCeormell.
Studies of other polysubstituted toluenss show that substituents have
almost & negligible effect on the magnitudes of the lengerange coupling
constants. They are also solvent indepsrdent. An exception is
2ehydroxy =3, 5=dinitretolvuene for which the observed coupling Jg,CH
is =0.8640,02 epse The large magnitude of this coupling may be at»B
tributed to an increass in the mobile hond order of the ortho CeC bond
induced by a quineoid rescnance strueturs. The JE’H coupling constants
eorrelate with the electronegativities of the hetercatoms substituted
ortho to one of the coupling protons while the JH H and J* H velues

show no trends with substituent effests. A correlation is observed
between the methyl proten shifts and the sum of the Hammett sigma
censtants for the ring substituents.

Cre side-chain substituted teluene, 3,4=dichlorobenzylchloride,

o
is studied. The magnitudes of Jq ,CH.C2 H CH

i
H,CH, 274 T ,cH

3 deerease by about
5CL
vaeluss, Several rég-

3

0.2 cps from the corresponding J

sens Tor this are discussed,



A proton magnetic resonance study is carried cut on the

intramolecular hydrogen bend and the intermolecular‘protcn exchange
reactions in benzene solutions of 3,5-dichlorosalicylaldehyde. The
results indicate that the exchange process is bimolecular with rese
peet to the solute molecules. The magnitude of the sscond order Pro=

* The

ton exchange rate constant is 16.844.8 liters mole-l sece
magnitudes of the activation parameters are liéted in Table 3-XVIII,

The activation energies may be explained by the energies reguired %o
brezk the intramolecular hydrogen bond and to twist the phenolic {and
perhaps the aldehydie) group out of the plane of the ring. The exact
nature of the transition state and hence the proton transfer mechanism

is not known except that it must invelve the formation of a stereo-
specific dimer between two solute mclecules. The concentration and
temperature effects on the ring proton, aldehydic and phenolic proton
shifts indicate the presence of a weak interaction betwsen the solute

and solvent molecules,. Thereforeithe proton exchange reaction is thought
to be solvent-assisted. This is the first extensive study of a proton

exchange reactlon between molecules in which the exchanpeable protons

are intramolecularly hydrogen-bonded.

vi
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Chapter I

INTRODUCTION



This thesis is concerned with the application of proton mage-
netie resenance techniques to the study of two main areas of interest,
namely:

le long-range ecoupling censtants arnd

2, proton exchange reactions and intramolecular hydrogen
‘bonds.

Fgr this reason the thesis is subdivided into two sections, each ine-
dependent of the other and treated as a thesis in itself. The biblio-
graphy is at the end of =ach chapter,

Chapter 2 is concerned with the study of the signs and mapge

nitudes of the longerange coupling constants in ringesuybstituted toluenes,

and one side=chainesubstituted tolusne. This section alsc contains z
short intreduction to the theory of the nuclear magnetie resonance ex-
periment. Chapter 3 deseribes the study of fhe intramelecular hydrogen
bond, ef proton exechange reactions, and of the assoeiated activation
parameters in 3, 5-dichlorosalicylaldehyde in benzens solution, A more

extensive intreoduction te each topie is found in the separate sections.



Chapter IT

A _STUDY OF IONG=RANGE PROTON-PROTON

COUPLING CONSTANTS IN POLYSUBSTITUTED TOLUENES




1,

INTRODUCTION




The object of this raseérch was to study the signs and mage-
nitudes of long-range coupling constants in polysubstituted toluenes,
their dependence on substituents and solvents, and to compare this
data with existing theoretical caleculations,

This chapter is subdivided into several parts. In the
Introduction the nuclear magnetic resonaﬁca (nemer.) phenomenon is
introduced and two of the pan%mﬁters obtained from an n.n.r. sSpec=
trum, namely the chemical shift and coupling constant, are discussed.
A discussion of factors affecting line widths, relaxation times and
exchange processes is reserved for the next chapter. A long-range
coupling constant is then introduced and a review of the existing
literature on these couplings in benzylic systems as well as on their
theoretical interpretation follows. This section is concluded with
a description of the determination of absolute Signs of coupling con-
stants in aromatic systems and the nuclear magnetic double resonaﬁee
technique of obtaining relative signs of coupling constants.

The rest of the chapter deals with the long-range coupling
constants of polysubstituted toluenes in the normal manner, i.e.,
Nature of the Problem, Experimental Methods and Results, followed by
a Discussion and Summary with Conclusions. Several other experiments
which I had hoped to carry out are described in the section entitled
Recommendations for Future Research. This chapter concludes with a

Bibliography.




2,

THEORETICAL DISCUSSION




A. THE NUCLEAR MAGNETIC RESONANCE EXPERIMENT

The theory of nuclear magnetic resonance (n.m.r.) spece
troscopy has been developed in detail in several monographs (1 = 8).
Hence, only a brief review will be presented in this chapter.

Many nuclel possess magnetic moments associated with an in-
trinsic angular momentum., These magnetic moménts can interact with
both intrinsic and externally applied magnetic'fields in the presence
of which they experience a torque and tend to line up in the direction
of the field. The magnetic moments thus behave as small bar magnets
or the so-called nuclear magnets. If an oseillating magnetic field
in the radiofrequency region is applied to a sample containing nuclear
magnetic moments, an absorption of energy can be detected. Thus, the
nuclear magnetic moment is used as a probe in a study of the local
magnetic effects within a molecule. This is known as the nuclear magnetic
resonance experiment.

In order for a nucleus to possess a magnetic moment, it must
possess the property of spin which results from a circulation of mass
about a given axis, The spin, or spin angular momentum vector is
designated by the symbol I and is measured in units of,ji o Trs known
as the nuclear spin quantum numbér, is the maximum measurable component
of the angular momentum in any given direction. For all nuclel with
odd mass number, the value of the spin I is an odd integral multiple
of 3. For nuclei with even mass numbers the spin is zero for an even
atomic number and integral for odd atomic numbers. This study is con=

cerned solely with protons which have a spin of 3.




The circulation of méss has an associated cireculation of
charge giving rise to the nuclear magnetic momenf/éé which is pro-
portional to the magnitude and direction of spin:

2-1 | /_6_{,= Yth;_{_ = gyPyd
where YN is the nuclear magnetogyric ratic , &y the nuclear g factor
and ﬁN the nuclear magneton. The nuclear magneton is defined in terms

of the proton mass Mp,

22 . BN = 'ej:
. ZMpc

and is numeriecally equal to 5.05 x 10”2“

erg/gauss. is Planck's
constant divided by 2 7 while e and ¢ are respectively the charge of
the proton and the velocity of light. Nuclei are thus distinguished
ffom each other by different values of spin and magnetogyriec ratios.

In field=free space the orientations of the spinning nuclei
will be random but the spin angular momentum vector must still be such
ihat its components in any given direction can only take up one of 2
set of discrete values which are +I, (I «l); seo=(I=l)=I. The energies
of these 21 + 1 orientgtions are degenerate. ‘For a proton with I = %
the nuclear spin quantum number m. may have the values 45 and =3. The
application of a steady external magnetic field =08 defines the re-
ference direction and lifts the degeneracy of the two energy levels.
The external field exerts a torque L on the magnetic moment vector and
thus tends to align it parallel to the field

2=3 _Ii=/g__éx Ho o

The energy of interaction is representsd in terms of the Hamiltonian

21y | 52K7° = +///gg « By




The direction of go (axis of quantization) is normally chosen as the
negative Z direction. The Hamiltonian for the interaction then
becomes

2.5 YO =+ YNZLIZ H, = +g 8 TH
where I, is the nuclear spin quantum muber corresponding to the al-
lowed component of the nuclsar spin in the z direction. It is also
designated as my. The separation betwsen adjacent nuclear energy
levels is

26 AE = YNJLLHO = gByllye
The units of energy are in ergs when Ho is in gauss,

Transitions between these two nuclear spin levels are in-
duced by the application of an oscillating electromagnetic field of
frequency \T satisfying the equation

2.7 ANE .—.%V = Ym/gﬂo = gybyliye

Classically the magnetic moment vector AL precesses about
H as a result of the torque L exerted by H e The angular frequency of
precession Wois

2.8 W= yH = 2V
Hence, the resonance equation for the nuclear magnetic resonance phe-

nomenon is

2=9 v = Tile = &Pyl

So far in the discussion it has been assumed that the nuclel
are bare and in free space — an ideal situation. However, the n.m,r.
experiment is carried out on nuclei in molecules in which case the

resonance magnetic field and the external magnetic field Ho are not




the same, The resonance magnetic field must be replaced by an effective

magnetic field Hlocal

ment of the proton. This change in the resonance field between a

which varies according to the chemical environ-

bare proton and a proton in a molecule (assuming a constant frequency W" )
arises from the extranuclear electrons which when placed in a magnetic
field also undergo a precession. This precession has associated with

it a magnetic field which causes a small shift in the value of the
external field required for resonance. This difference in the re-
sonance fields is known as the sereening effect or the "chemical shift!
and will be discussed briefly in the next section.

The n.m,?. spectra of molecules possessing several nuclei
with magnetic moments are also complicated by the interaction of these
moments with each other. This effect is also characteristic of the
nolecular environment of the nuclei and is known as the electron-
coupled nuclear spin-spin interaction. It is discussed in Section C
of this chapter.

Two other effects influence nem.r. spectra., The first occurs
for some nuclei with spins of one or more since they possess an electric
quadrupole moment. An electric quadrupcle moment arises from the non-
spherical distribution of electric charge density at the nucleus.
Various complications arise in the n.m.r. spectra when the nuclei are
present in a molecule, In the presence of an electric field gradient
these quadrupole moments undergo precession which displaces the nuclear
magnetic levels. This provides an efficient relaxation mechanism lead-
ing to a broadening of the resonance lines. This effect will not be

considered further since in proton magnetic resonance studies it does



not arise. The widths of n.m.r. absorption lines are also affected
by the lifetimes of the spin states which in turn are governed by the
relaxation times of the various nuclei. Molecular motions such as
hindered rotations and nuclear exchange reactions also govern the

line widths. These phenomena will be considered in Chapter III.




B. THE CHEMICAL SHIFT

l. General Introduction

The resonance freguency of a particular nucleus varies de-
pending on its environment in a molecule and differs from that of a

free nucleus. The actual magnetic field Hl 1 at the nucleus is

oca
2=10 Hlocal = H (l b 6)

()
where 6; is the shielding constant of thé nucleus under consideration.
It is a positive quantity which arises from the magnetie field produced
at a nucleus by the precession of the neighbouring electrons about the
magnetic field direction Hye This induced field opposes H, and is
proportional to it. Thus the resonance frequency of a particular
nucleus will vary from one environment to another. The Hamiltonian

for the interaction between the nuclear magnetic moment and the external
field (Zeeman energy) becomes

2-11 X = Y 1, g o= Y ALE -6
Since it is more convenient to express all energles in cycles per

second rather than ergs, the above equation becomes (dividing by h)

2-12 A = Yy 1,8 Q- 06
27

For a set of nuclel with magnetogyric ratiecs Z/i and screening cone-

stants é;i equation (2 = 12) becomes

o .
2=13 2[ = fg__ Z, Xi I, (1) Q- 51).
QT A
where 3/1 depends only on the nuclear species and is the same for all

protons.



From these equations it is seen that 2 resonance for & par-
ticular nucleus will appear at a higher field (at constant frequency J )
than that of a bare nucleus due to the screening effect. This screening
effect is the "chemical shift".

It is seldom necessary to know the absolute field strength of
a nuclear resonance signal with great precision and most n.m.r. measure-
ments are concerned only with the difference in the field stirengths of
signals, usually in frequency units. N.M.R. spectra are thus calibrated
with respect to some reference, the most common of which in proton
magnetie resonance spectroscopy today is tetramethylsilane (TMS).

The position of a peak is often specified in terms of its
chemical shift from that of a reference by a dimensionless quantity

é; rg Xpressed in units of parts per million (ppm).

2=14 é;rs = Hs - Hr

H
T

where Hs and Hr are the resonant fields of the sample and reference
respectively. The chemical shift is also expressed in terms of the

shielding constants of the sample Q;S and the reference é;r as

2-15 g = H (1= 6;) - Ho (1= 6:-)

rs o
H, (1 - Sr)
= er - 6;

in

= since 1
6, - 9 6, << 1.
There is a change in the sign convention in going from de-

finitions (2 = 14) to (2 -~ 15) since a largest shielding constant implies
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that the resonance for that particular nucleus will occur at highest
field. However, no problems arise because of this sinee all authors
state the reference and the shift in parts per million or in frequency
units with respect to it, |
The above definitions and discussion are found in all the

standard references mentioned previously.

2. Origins of the Chemical Shift

All theoretical attempts so far have been concerned with the
mathematical formulation of © » the shielding constant. Following a

recent method (9 ), & can be written as

216 6-=6;+€

medium

where 6 _ is the contribution to the screening constant arising from

G

an isolated gaseous molecule and 6 is the contribution arising

medium
from solvent effects on the particular nucleus when in solution. Buck-
ingham, Schaefer and Schneider (10) first systematized the different

contributions to the shielding constant arising from medium effects,

and write

2=17 gmedium = Gb + 6& + Gw + 6:3 + GH

where Gb’ 6\ a? gw, €E and 6H are the respective contributions
to 6;

solvent, the anisotropy in the susceptibility of the solvent, the

medium 2Tising from the bulk diamagnetic susceptibility of the
van der Waals interactions between solute and solvent molescules, the
reaction field of the solvent (important for polar solute molecules

and known as the "polar effect") and the contribution due to complex



11

formation. The effects of é;.medinm on ‘67 can be mininized or es-

sentially held constant by the proper choice of solvents, internal
references, extrapolation of shifts to infinite dilution and other

experimental devices. The various contributions to é;ymedium have

been discussed previously (11) and will thersfore not be discussed

further.
The shielding constant é;—G can be written as a2 sum of four

contributions (3, 12) namely:

2-18 6 = GGGd‘f oy P+Z 6 _+6,

GG G#B GB 7 “G,ring

where E; d is the diamagnetic screening from the circulation of

GG
electrons on the same atom as the nucleus in question; E;GGP is
the contribution to 6‘G arising from paramagnetic currents on the
same atom; €;EB is the contribution from the B substituent aniso-
tropy and is the combined effect of the diamagnetic and paramagnetic
currents on other atoms while éﬁ; . is the contribution to Gh

, 2 Ting G
arising from electronic currents flowing around closed rings of atoms,

or ring currents., These four contributions will be discussed separately.

(a) Atomic Shielding Constant

The shislding constant term 6\GG§ was first evaluated by
Lamb (13). He considered the simplest system, namely a free atom with
no resultant orbital or spin angular momenta. Placing the atom in a
magnetic field produces a diamagnetic eireulation of electrons about the
nueleus which in turn produces & magnetic field opposing the applied ex-

ternal field. The nucleus thus experiences a reduced field and the effect



is larger for larger diamagnetic currents. Lamb's formula may be

written as oo

2.19 GGGd = LHTez r e (r)dr
3meZ
where © and m are respsctively the charge and mass of the electron,
¢ is the velocity of light, and é? (r) is the electron density at a

distance r from the hucleus.

(b) Paramagnetic Currents

When a mucleus is no longer free but forms part of a molecule
the electrons are no longer completely free to precess about the direction
of Hy Two problems arise; first the secondary induced field seen by
the nucleus is not necessarily parallel to H, and second; a term
additional to the Lamb term arises for the theoretical expression for
the shielding constant.

Ramsey (14) has derived an expression for the magnetic field at
a nucleus resulting from the application of an external magnetic field
to a polyatomie molecule which has no resultant electron orbital or
spin angular momenta in the absence of the external fiseld.. A simple

but less exact form of Ramsey's equation in terms of the screening

constant is (1)

2=20 b, = _° x +V 6 a7 + e <O,Z '”'3 o° lo>

22 2me~ mC weCe A B 5@ 3@

J

where A E is the mean excitation energy used in the approximation to

Ramsey's equation instead of the sum over 70 for all excitation energies

En - Eo. The above expression involves only the ground-state wave functions,
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The shielding constant is 6;. 7z /2 is Planck's constantxz,divided
by 27T ._;2 is the angular momentum operator about the Z-axis, and
the othegaconstants wore defined previoﬁély for Lamb'fs equation.

The first term is similar to the Lamb formula for atoms and
becomes identical with it when averaged over all directions. It is
known as the "diamagnetic" shielding term. The integrals are taken
over all the electrons in the molecule so that this term corresponds
to the shielding arising from a simple circular diamagnetic eirculation
of the electrons about the mucleus of interest. The second term, known
as the "paramagnetice" shielding term, effectively corrects for the
hindrance to this free electronic rotation and arises from the 1ack.of
spherical symmetry in the molecule.

The Laﬁb termlS%Gd is easier to estimate theoretically since
it depends only on the electron distribution in the ground state. The
paramagnetic term or G;GP in the original Ramsey equation requires the
detailed knowledge of the energies as well as the wave functions of the
ground and excited states. These are seldom known. Even when Ramsey's
simplified eéuation (2 = 20) is used where the integrals are only over
the ground state wave functions,a good method for obtaining the ap-
propriate O E is not available unless it is estimated experimentally.

Furthermore the second term is difficult to evaluate reliably
since it depends on the second derivative of the wave functions. Con-
sequently it is very sensitive to errors in this derivative as Ramsey (14)
illustrates with an example from the literature (15). Wick (15) found

that by taking two somewhat different wave functions in his calculations
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of the rotational magnetic moment of H_ he could obtain results for

2
a term analogous to the Ramsey paramagnetic term which differed from
each other by more than a factor of eight.

The two terms in Ramsey's equation (2 = 20) are often of
comparable magnitudes but of opposite sign. Hence this equation has
been mainly applied to small molecules. In proton magnetic resonance
the diamagnetic temm is predominant whereas fluorine chemical shifts
are largely dominated by the paramagnetic term. Due to the problems
arising from the use of Ramsey's equation in dealing with larger systems,
the contribution to the total shielding must be subdivided into local

contributions. This is diseussed in the next two sections,

(e} The Neighbour Anisotropy Effect

Further work on the evaluation of the contributions to ©
was carried out by Saika and Slichter (16). After completing a study
of fluorine resonance shifts, they found it convenient to subdivide the
shielding constant into three terms, The first two terms were found to
be equivalent to the diamagnetic and paramagnetic terms discussed by
Ramsey. The third term was the combined effect of the diamagnetic and
paramagnetic currents arising from other atoms on a particuléf nucleus,
This effect is largest if the electrons on a near neighbour atom have
a2 large and anisotropic magnetic susceptibility. This term corresponds
tié%§zg E;‘GB in equation (2 - 18), It is particularly important for

molecules like acetylene with an anisotropic triple bond and for the

hydrogen halides,

Hagnetic anisotropy originates from the circulation of electrons
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on neighbouring atoms. These circulations are induced by the applied
field and may be either diamagentic or paramagnetic. They may arise
on the neighbouring atom or the bond Jjoining the neighbouring atom to
the nucleus in question,.

The mathematical treatment has been developed by MeConnell (17)
and Pople (18). The currents on the neighbouring atom (X) are re-
placed by point magnetic dipoles at the eentre of the atom and the
effeet that this dipole has on the nucleus in guestion is then in-
vestigated. This effect would bs averaged to zero over all orienta-
tions of the molecule with respect to the field if the magnitudes of
the induced currents were independent of orientation. However, if
the electrons on the neighbouring atom have 2 local anisetropy in the
magnetic susceptibility the component of the secondary field at a
neighbouring nueleus will not be averaged to zerc,

Hence a secondary field is produced at the nucleus due to
these distant currents and will contribute tc the measured chemical
shift, For a diatomic molecule H-X with cylindrical symmetry the
contribution A o to the shielding of the prdton due to the neigh-
bouring anisotropy effect is

221 Ao o= 7(// ~X . (1-3 Cos~ ©) .
37

This equation was first derived by lMcCommell (17). R is the separation
between proton H and the point dipole on X, - 1is the angle between the
R wvector and the anisotropy axis, ;ZA/ and ;K:L are the magnetic suse-

ceptibilities parallel to and perpendicular to the bond



axis. They are negative when we are dealing with diamagnetic currents
and positive when paramagnetic currents are involved. The anisotropy
in the magnetic susceptibility is 4322{.

HMeConnell's derivation mekes several assumptions; namely,
that the group which is studied is distant enough from the proton in
question, that the moment induced by the applied field may be represented
by a point dipole and that the secondary field at the proton may be
calculated on this basis. Equation (2 = 21) may be extended to caleul-
ate the effect of several groups in one molecule on a particular nucleus,

Pople has studied the diamagnetic anisotropy of the triple
bond in acetylene. A large paramagnetic current in the carbon atoms
of the triple bond is induced when the field is perpendicular to the
molecular axis but this effect is zero when the field lies along the
bond axis. Hence 97 "/2€L. is large and negative and since Cos € =
Cos O is positive, A O 1is approximately + 10 ppme  This inereased
shielding is large enough to displace the acetylene resonance signal
from where one would expect it on the basis of acidity (low field of
ethylene) to its observed position near ethane,

An excellent review has recently appeared which correlates
all the data and gives a good discussion of the diamagnetic anisotropy

of electron groups (19).

(d) Ring Current Effect

Electronic currents will flow around closed rings of atoms

with the best example being the "ring currents" arising from the pre-
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cession of the 7] elsctrons around the direction of an externally
applied magnetic field in aromatic systems. This approach was first
suggested by Pauling (20). On this model it is possible to compare
the shielding constant between an aromatic and an ethylenie proton.
When a magnetic field is applied perpendieular to the plane
of the benzene ring the induced magnetic moment is diamagnetic. There is
no frees electron current if the magnetic field lies in the plane
of the ring. Pople (21) has made a simple estimate of the magnitude
of the secondary magnetic field at the beﬁzene protons due to the in-
duced magnetic moment at the centre of the ring. On this basis he has
ecalculated the difference in the shift between bénzene and ethylene
. protons to be =1.75 ppm as comparsd to the experimental value of 1.4
prme The induced magnetic moment has a deshielding effect on the ring
protons since the magnetic lines of flux at the protons are paramagnetic.
Musher (22, 23) has challenged fhe whole idea of a ring current
model. However, many authors still argue that the ring current model
is of great practical use, Gaidis and West (24) have shown that this
model accounts for the observed high-field proton shifts above the plane
and inside the ring of an aromatic system. Pople ané Untch (25) have
applied this model to conjugated monocyelic polyenes and predicted para-
magnetic circulations for mcleculss with 470 7 electrons and diamagnetic
circulations for 47 + 2 systems. Their predictions appear to be in
reasonable agreement with the observed proton shifts in the relevant
molecules, The number of experimental descriptions in terms of Yring

currents" in the NMR literature is very large (24, 25 and references
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therein).

The theory and ealculation of the chemical shift has re-

-cently been feviewed and discussed (23, 26) in full detail.
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C. TIHE ELECTRON=COUPLED SPIN=SPIN COUPLING CONSTANT

A nucleus in a molecule experiences a contribution to the
magnetic field arising from the magnetic moments of neighbouring nuclei,
This interaction manifests itself as a broadening of the resonance line
in solids and as hyperfine strueture in liquids and gases. The former
is due to direet dipole-dipole interaction and will not be considered
further, The hyperfine structure in liquids and gases arises from, and
is knowm as the electron-coupled spin-spin interaction. Studies of
these spinespin interactions are very important in nuclear magnetic
resonance spectra sinece they strongly depend on the electronic environe
ments of the coupled nuclei (27),

This energy of interaction is equal to hJiilﬁi)o I(3)
where It is Planck's constant and Jij is the co§p1ing eonstant (in cps)
between nuclei i end j having nuclear spins I(i) and I(3) respectively.
Hence the total Hamiltonian for a molecule in the ligquid state in the
field Eo may be obtained by ineluding the spin#spin interaction term

in equation (2 - 13) which now becomes

° Ho 2 . Z
2-22 L = 2 4 LM () + T 0@ 1.

The summations are over all the nuelei and I, (i) is the Z component
of the spin I or the nuclear spin quantum number,

The theory of nuclear spin-spin coupling has recently been
reviewed by Barfield and Grant (27). Their review article will be

mainly followsd in this discussione
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Field independent splittings of the n.m.r. spectra were
first discoversd by Gutowsky and HeCall (28) and by Hahn and Maxwell
(29)es Gutowsky et al (30) suggested that the orbital motions of the
electrons may so shield the direct interaction between nuclei that
the local fields might not be averaged to zero when averaged over all
orientations by the rapid tumbling motions in liquids. This interaétion
between nuelear spins and the orbital motions of the electrons was
shown (31) however to be smaller by an order of magnitude than the
observed coupling constants, Another mechanism proposed by Ramsey
and Purcell (32) assumes that nuclear spins interact through the
magnetic polarization of the spins of the nearby electrons. This
theory, developed in more detail by Ramsey (31) is much more success—
ful and forms the physical basis on which theoretical studies of spin-
spin coupling constants are based,

Ramsey's (31) theory took into account all possible inter-
actions between nuclear spins in a molecule and showed that the ine
direet coupling, which oecurs by a polarization of‘fhe electronic en-
vironment, may occur by three mechanisms:

a) one nuclear magnetic moment indueces orbital electronic currents
which in turn produce magnetic fields at the site of a second nucleus,
b) the dipole interaction between the magnetic moment of one nucleus
and the electron spin produces an electron spin polarization so that
there are nonvanishing magnetic fields acting on other nuclei.
¢) there is a coupling involving the Fermi contact intergction between

nuclear moments and electron spins in s-orbitals.
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Since protons have only a single.ls:electron mechanism ¢
constitutes the most important contribution to the total coupling
mechanism.

Qualitatively, the Fermi contact coupling mechanism may be
discussed as follows. It is proposed that the spin-spin interactions
are transmitted via the bonding electrons between the nuclei, and not
through space. Consider two nuclei A and B joined by a pair of bonding
electrons., To a first approximation, it is very likely that one electron
will be associated with one nucleus A and the other electron with
nucleus B, Energetically the most stable state is the one in which the
electron spin is opposed to that of its ovm mncleus. But the Pauli
principle states that the two electron spins must also be paired (i.e.
antiparallel), Hence the most stable state will be the one in which
nucleus A-electron a=eclectron b-nucleus B spins alternate. Preferentially
nuclear spins A and B will tend to be antiparallel (paired). Thus the
bonding electrons are responsible for letting one nucleus know the spin
state of a neighbouring nueleus. This is the Fermi contact potential
or interaction. For an s=electron there is a probability of the elec-
tron being found right at the nucleus and the contact interaction is
proportional to the elsctron density at the nucleus. For this reason
it is so important for proton-proton coupling. The calculation of the
Fermi contact interaction is actually a relativistic problem since the
potential energy of the system becomss very large when the slectron is
near the nucleus.

Ramsey's approach to the spinespin coupling theory was developed
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using quentum-mechanical perturbration theory. He showed that the
Hamiltonian for electrons moving in a field of nuclei which have

magnetic moments is (33)

2-23 W= Ko+l + Ay

2
were - 5 (£, +%§I%ZN%—§Z« Ve + X
%2t 35 5 (S Ly 2a0) - S0 Za |,
2w gn

1t

A - argt 35 V()5 L,
02? 1= the term 1nvolv1ng‘£? , gives the total slsctronic kinetie
energy and magnetic interactions between electronic orbital
motions and nuclear moments (coupling mechanism a)
\/ = electrostatic potential energy
6%(LL -~ electron orbital-orbital interactions
é%?LS'" electfén orbital-spin interactions

02/85 = electron spin-spin interactions .

These four quantities are not involved with the nuclear spin
vector L.

- electron mass

electron charge

magnetogyric ratio of nucleus N

éfk ac ® =
!

Planck's constant divided by 27T

¢ = velocity of 1light

nuclear spin vector

%H



lAN]
2

I, = Iy where r, designates the coordinates of the k'th electron

and Ty the coordinates of the n'th electron.

)
g
i

5%22, - gives the magnetic dipolar interactions between electrons in

non - s orbitals and nuclear moments (coupling mechanism b).

B = Bohr magneton = e 4
2me
3 - electron spin vector .

é}f 3= represents the Fermi contact interaction between electron spins
in s = orbits and nuclear spins (coupling mechanism c¢).

The Dirac delta function é;I(EkN) has the properties
+ oo
u/[‘ éy(x) dx = 13 V//’f (%) §; (x=a) dx = f(a).

s - e

Its presence in the term implies that the interaction depends on the
probability of the electrons being at the nucleus. This term was in-
troduced by Fermi to explain the hyperfine structure in atomic spectra,.

The total Hamiltonian for a molecule is derived by Hameka (34)
and will not be considered further.

For protons the Fermi comtact term (02?;) makes the largest
contribution to the total Hamiltonian since it corresponds to the elec=
trons being closest to the nuclei. The interaction‘of the ;uclear
magnetic moments with the electron orbital motion (o%(; term) and the
electron=dipole (62(; term) are usually neglected (31, 35). The pre-
sence of the large Fermi contact ferm is also evidence against a coupe
ling mechanism which would occur between nuclear spins through space
rather than through the electronic structure of the intervening bonds.
Experimental evidence indicates that the magnitude of the coupling

constant betwen two nuclei attenuates with an increasing number of
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bonds separating thess two nuclei and an attenuation factor of ten
for each additional intervening saturated bond has been suggested by
MeConnell (36).

The coupling constant It between nuclei N and N' may be
calculated from the total Hamiltonian. A rigourous evaluation of Tyt
requires the wave functions for the electronic ground state and all the
excited states. These are seldom known. An approximation is usually
made in which the sum of (EN - EO), where E. is the energy of the n'th

N
excited state and By is the ground state energy, is replaced by an

average excitation energy A E (average energy approximation). The

(3)

contact contribution J to the total coupling constant J

NNI NN' is

found to be (1, 31)
3 A
224 JNN'( ) = ‘%’% (16 7T,3 &:1_ 2 XN XN' A
<O\2k ZJ 5(-"31@3) g (Zge) 3.8 lO>

This evaluation requires only a kﬁowledge of the wave functions for the

szl"‘

UJ

electronic ground state. The k and j refer to summations over electrons.

This approach also has difficulties., The evaluation of A B
is nearlv ag difficult as the evaluation_of'the coupling constant it
self, TDue to the asverage energy approxiﬁation, calculations of spine
spin coupling constants must. have elemenfs of empiricism (27).

In equation 2.= 24 it is seen that J is proportional to

NN'
the product of the magnetogyric ratios 3/ XV" This gives a simple
relation between the spin coupling constants 1nvolv1ng various isotopes

of the same nuclear spins. A slight departure from strict proportionality
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might be expected in two molecules differing isotopically due to dif-
ferent amplitudes of zero-point vibration and to different slectronic
reduced masses, but these are very small (37).

The above theory was first applied to the coupling in the
hydrogen molecule. In practiee the spin coupling constant cannot be
observed directly since both protons are equivalent. However, from a
study of HD where the observed coupling is 43,7 cps and the knowledge of
5;3’X£ = 6,514, the proton-proton coupling can bs caleulated to be
278 éps (27). Ramsey (31) calculated the contact term for HD and found
that it contributed about 40 cps to the total coupling constant. The
dipolar contribution was about 3 cps Q;%z term) while the orbital terms
(o%fg) were less than 0.5 cps. Hence, the contact term is the dominant
one, The various theorstical estimates of the H, coupling have been re-
viewed (27) and will not be considsred further.

The theory has now been applied to coupling constants between
protons in molecules where there is no direct bond. Ramsey's equations
also serve as a starting point for these caleulations, These involve
both the valence bond and the molecular orbitbal wave functions in the
caleulation of the term

<O‘Z 2 ) (T 5 (zgg0) 8- ‘SJ!O>
in equation ( 2 -« 24), Reasonable values of & E must also be obtained.
The iatter problem is difficult and is often avoided by comparing sets
of coupling constants for groups df compounds within which A F is ex-
pected to be constant. Then variations in the coupling constants are at-

tributed to minor changes in the ground=state total electronic wave function.
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MeConnell (38) formulated the molecular orbital treatment
within the framework of Ramsey's perturbation results, The wave
function is expressed as a product of molecular orbital and spin funce
tions of the electrons. Configuration interaction, i.e. the "mixing
in® of excited elsctronic configurations of the corrsct symmetry, was
not included and hence leads to the result that the coupling constant
should always be positivé. This conclusion is contrary to experimental
results since coupling constants of both signs are measured (27).

Recently Pople and Santry (39) have developed the molecular
orbital method without invoking the average energy approximation. They
use both ground and excited stéte wave functions. The contact contri=
bution to the spin-spin coupling constant between nuclei N and N' is
given in terms of the atomic orbitals taking part in the bonding pro-
cess (since molecular orbitals are expressed as a linear combination
of atomic orbitals) and the mutual atom-atom-polarizability associated
with atoms § and N' (40). Using Pople and Santry's theory the caloulated
coupling constant can have either sign.

The Pople and Santry theory can explain the effect of electro-
negative substituents on gem HeH coupling constants (41). It has re-
cently been applied with moderate success to directly bonded 013 - H

13 13 13

and ¢ = ¢ coupling constants (42) and all the C°” < H and cl3 .

C13 coupling constants in ethane, ethylene and acetylene (43). In the
latter paper a positive Jgem (H,H) is calculated for ethane whereas

experimentally it is negative, Besides this, positive values for

J(c13 - C = H) over two bonds were calculated for ethane and ethylene
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whereas experimentally these are also negative. Hence Pople and
Santry (43) claim that their approach tends to over-emphasize the
positive contributions to the spin-spin coupling even though molecular
orbital theory may also lead to negative coupling constants., More
detailed calculations on these molecules were carried out by Fahey
et al (44). Both of these groups of workers (43, 44) point out that
their calculations do not include contributions to the coupling from
the 1T —electrons in molecules like ethylene and acetylene due to the
neglect of the 6. Zrinteraction. This is a failure of the molecular
orbital theory. Semiempirical methods for estimating || =slectron
coupling have been developed by McComnell (36) and Karplus (45),

| Ramsey'!s theory becomes more successful when the ground state
wave function is constructed using valence bond methods., This approach
was first reported by Karplus et al (35, 45, 46). The ground state
electronic wave function %g is represented as a linear sum of the
contributing valence bond structures (a canonical set); i.e. ij,%? C; ?ﬁ
where each gé: is a combination of 2n singly occupied orbitals together
with a spin function for the electrons, The system contains 2n electrons,
n is the number of bonds and the ey are coefficients determined by mini-
mizing the energy. This approach has been successful in several pre-
dictions (35).

One reason for the success of the valence bond approach will

be discussed. Assuming that the Fermi contact term is responsible for
most of the coupling, equation (2 - 24) can be applied. For example

consider the coupling between two protons in the hydrogen molecule.
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The J’N are equal to X’ Surming over %§. K is equivalent to

HO
maltiplying the integral by 2 since there are two possibilities:
(a) electron 1 is associated with nucleus N and electron 2 with
nueleus N' and (b) electron 1 is associated with nucleus N' and

electron 2 with nucleus N. However these electrons are indistinguishe

able. Consequently equation (2 - 24) is written as:
w25 g = g (WIS S L (819 ) e 1 5ol

The total electronic spin S may be written as:
2=-26 é = "S"l + _S_z ®
The expectation value for a singlet state is

227 g% =<_s_12> +'<_S_22> + 2<§1-S-2> = 0,

Hence

2-28 <51- z> 3 [<§2> ) <§12>-<§22>].
2.29 <31> < > N

For electrons S=3e Hence ° §¥;>:= =3/, TIn equation (2 - 25)
9? is a function of the p051tion and spin coordinates. Substituting

the results obtained in equation (2 - 29) into (2 - 25):

230 Jg, =1 (1677;5’:’1 XH <)1|cg( ) g(rzzv)l)\>

hAE

where the )k is the ground state function of position coordinates. In
the above equation the integral is the walue of the wave function when
electron 1 is associated with nueleus H and electron 2 with nucleus Ht,
a sitvation in which the wave function is nicely described by valence

bond theory since this theory overcorrelates the electrons., Another
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advantage of this approach is that it offers the possibility of pre-
dicting the signs of the spin-spin coupling constants. Depending on
whether there are an odd or an even numbsr of bonds separating the
coupled nuclel in a saturated chain of carbon atoms, the coupling
constant is predicted to be positive or negative, A positive coupling
constant is one in which the two coupling nuelei favor an antiparallel
arrangement of their nuclear spins. A negative coupling constant is
observed when the nuclear spins are coupled in a parallel arrangement.
This prediction is highly simplified and only applies to the
case where the coupling mechanism between nuclei is dominated by intra-
atomic electronic Hund interactions which may be described in terms of
the Dirac vector model (27). When electrons enter degenerate energy
levels, available orbitals are singly occupied; until each orbital is
so occupied no electron pairing occurs. For a singls non degenerate
orbital, only two electrons will occupy it with antiparallel spins. On
this basis the atomic orbitals for a molecule may be drawn up, the elec-
trons then occupy these orbitals according to Hund's rule and the spin
states of the electrons associated with the protons under consideration
are thus determined. Since the contact mechanism is so important for
protons, the proton spin states will be opposite to those of their neigh-
bouring ls electrons. In this manner, protons coupled over an even number
of bonds are predicted to have negative coupling constants while those
coupled over an odd number of bonds should have positive coupling constants,
When a proton=proton coupling is transmitted via a ﬁund exchange

interaction between the electrons, only the bonding electrons take part.
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This is a very simplified approach. There are other paths in a mole=
cule and other electrons by which protons may couple which are neglected
by the simple Hund exchange interaction. The valence bond treatment
incorporates all possible electronic paths which may lead to a trans-
mission of a coupling between protons. However, for coupling over

three bonds or more the Hund exchange interaction predominates and

hence signs of these coupling constants may be predicted. For example,
a simple Hund exchange interaction via the bonding electrons contributes
to a positive coupling constant between vieinal (3-bond) protons which
should be independent of the orientations of the C-H bonds. Experi-
mentally, vicinal proton coupling constants are positive yet their
magnitudes are a function of the dihedral orientations of the CeH

bonds. This arises due to contributions from other electronic paths
besides the bonding electron path (Hund exchange) which may transmit

the coupling. For example, the spin state of one proton will determine
the spin of the neighbouring ls electron via the éontact interaction.
The spin of this 1s electron may polarize the electron in a hybrid
orbital on the carbon atom to which it is not bonded. This interaction
may then proceed via the remaining bonding electrons to the 1s electron
situated on the second proton. The contact interaction will then deter=
mine the spin state of the second proton and thus the coupling path is
complete. (When the coupling is transmitted via the Hund exchange
interaction, the spin of the first ls electron will polarize the electron
in a hybrid orbital on the carbon atom to which it is bonded.)

There are many of these possible electronic paths by which the
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coupling between two protons may be transmitted. Their magnitudes may
be large or small. They may make a positive or a negative contribution
to the total coupling and hence may augment or deecrsase the contribution
to the coupling constant transmitted via the Hund exchange interaction.
A1l of these possible eleetronic bonding paths are incorporated into the
valence bond treatment which predicts the ehange of vieinal eoupling
constants with dihedral angle (35),

An example where the valence bond theory has been unsuccessful
is the prediection of the angular dependence of geminal coupling constants
{2-bond) by Gutowsky, Karplus and Grant (47). Their theoretical treat-
ment predicts that the coupling constant J (gem) decreases from 32 eps
to zero cps for H-C-H angles from 100° to 12599 Fer angles greater
than 12509 J (gem) is predieted to be negative, These results predict
a positive value for J (gem) in methane which actually has a value of
=124 cps. Also, subsequent experimental data have established the Ope
posite trend for hydrocarbons and in molecules with substituents there
is little correlation with bond angle. These results are discussed by
Pople and Bothner-By (41) and their molecular orbital approach gives a
satisfactory interpretation of geminal coupling constants.

Karplus (35) used the valence bond approach successfully to
caleulate the proton-proton, proton-fluorine and fluorine-fluorine
coupling constants in ethanic and ethyleniec moleculss., The valence
bond theery has also besn applied in caleulating the peslectron cone
tribution to the total coupling constant in unsaturated molesules and

this will be discussed in the next section.
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The alternative method te perturbation is the use of the
variation principle in calculating coupling constants which has been eme
ployed by sevéral workers (48, 49). The principal advantage claimed
for this approach is that it avoids the average energy approximation
yet the computation of the energy £ E in these equations is still alse
very diffieult (27). Hence the variational approach is not used very

of'ten in the calculation of coupling constants,
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De LONG-RANGE PROTON=PROTON COUPLING CONSTANTS

1. Introduction

A coupling constant across four or more bonds is known as
;gggfggggge The theories of coupling constants between nuclei separated
by two bonds (geminal coupling) and three bonds (vicinal coupling)
have been reviewed and discussed before (27, 35, 41, L45-47, 50, 51).

As well, the theories of long-range proton-proton coupling constants
have been reviewed briefly (27) and the experimen£al results have been
compiled (52). These coupling constants have only become available

with the great resolution now obtainable by n.m.r. techniques,

2. Non=Aromatie Hydrocarbons

Electron=coupled proton-proton spin-spin interactions through
four E;-bonds have been observed in a number of molecules (52, 53).
However, no detailed theoretical predictions of their magnitude have
been made, Karplus’(@S) estimates that the é;-_alectron contribution
to this coupling is of the order of 0.5 cps whersas most of the exXperi-
mental values lie in the range 0.3 to 1.5 cps (53). Since these coupling
constants are strongly stereospecific in saturated hydrocarbons and some-
times appear in those conformations of unsaturated hydrocarbons for which
the TT‘aelectron calculations predict a zero contribution to the coup=
ling constant from the 7T'=electrons, thers must be a significant long-
range coupling mechanism involving f;;electrons (27).

Barfield and Grant (27) obtain an expression for the & -electron

contribution to long-range coupling constants between protons separated
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by four 6_«-bonds.. They find a strong angular dependence of the

coupling constant in which the maximum valve arises from the straighte
est zig-zag path of an all trans conformation.

Long=range coupling constants between protons in unsaturated
hydrocarbons are also well known (52, 53) and are much more common,
Karplus (45, 54) found that these coupling constants were much larger
than could be obtained by the E;i-electron mechanism and arise from a
contribution from the 7T-uelec£rons (55)s He has applied the valence

bond appreach to caleculate the |1 -electron contribution to long~range
coupling constants Jy,, (1) which is expressed as (45)

2.31 S (1) = 2.1 x 10“15 Z; ay (T} s (T)
AT (T)

This semi-empirical relationship was obtained in terms of experimentally
determined hyperfine constants from elsctron spin resonance spectra and
triplet state energies, as was done by MeConnell (36, 56). The
quantities a, (T) and y (T) are the proton hyperfine constants in eps
and ATT(T) is the excitation energy for the || -electron in ev. The
quantity ap (T) is a measure of the extent to which the spins of the
hydrogen nucleus and an unpaired electron in a carbon 2p J] -orbital are
coupled together in the radical fragment T. Karplus lists hyperfine
constants for several radical fragments. Sinece the singlet-triplet
transition is forbidden, relatively iittle is known about the 7] -elsc=
tron triplet state energies in simple organic molecules, However, using
values from theoretical caleunlations for AJ[(T) for ethylenic and acety=

lenic compounds as well as experimental 2y (T) values, Karplus calculated
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Iyt (1) for a variety of compounds. The agreement between experi-
mental coupling constants and those caleulated (with a small correction
for a E;;bdnd contribution) is ﬁery good. The 7T =electrons donminate
the coupling in these systems. The success of equation (2 - 31) in
conjunction with experimental values of electron spin resonance hypsr-
fine constants is a strong argument for the use of empirical values of
integrals based on experimental magnetic resonance data (27).

One feature of long-range coupling constants in unsaturatad
hydrocarbons is that the magnitude of the coupling is not strongly dee
creased as the number of bonds betwesn the two coupling protons increases.
This is consistent with the mechanism proposed by Karplus (45) which
predicts that replacing a proton by a methyl group should only change
the sign but not the magnitude of the above coupling constant., This
arises because of the relative magnitudes and signs of the hyperfine
interaction constant ay (T) for the radical fragments HeC = C and
CH3 -C = C for example, When the methyl group is freely rotating the
values of ay (T) for these radicals have similar magnitudes but opposite
signs,

In summary the theoretical valence bond treatment (45, 54)
predicts the following (52):

(a) Cisoid and transoid allylic (H=C =C = C = H) and
homoallylic (H = C = C =C = C = H) coupling constants should be of

similar magnitude unlike the cis and trans coupling constants in olefins.

(b) The magnitude of the long-range coupling constants should

depend on the angle made by the bond joining the proton to the Sp3
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hybridized carbon stom and the plane of the multiple bond,

(¢) Coupling constants for protons separated by an odd
number of bonds should be positive and for protons separsted by an
even number of bonds negative in sign.

(d) Replacement of = CeH by = C-CH- should alter the sign
but not the magnitude of the inter=proton coupling across the inter-
vening T=systen,

A1l these predictions have been verified experimentally (52),

3¢ Aromatic Hydroearbons

The coupling constants in substituted benzenes have the fole
lowing valuss: ‘

J (ortho) = 6 to 9 eps; J (meta) =1 to 3 ecps and

J (para) =0 to 1 eps.

A1l of these coupling constants have a positive sign (50).

Several generalizations have beén made regarding the sub=
stituent effect on the magnitudes of the ortho and meta coupling cone
stantse The para couplings do not show any pronounced trends (50).

The ortho and meta proton eoupling constants are not nsually
considered as long-range eouplings. However, the mechanism for the
coupling between the ring prétons will be briefly discussed since it
also applies to the leng-range coupling mechanism between a side=chain

and a ring proton to be considered in the next section.

The megnitudes of the ring proton=ring proton coupling constants

are determined by both the ¢ =bond and 7 -bond coupling mechanism (36),
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The ecoupling JHH’ may be written as (36):

232 Iy = 9

where Jin., (0) is the contribution to the total coupling arising

e (O) + g, (W)

from thie spin-spin interaction proceeding via the 0 =electrons.

This quantity is very rapidly attenuated with an increasing number of
bonds by as much as a factor of 10 for each additional intervening
bond between the coupled protons. The second contribution JHH” (m)
to the total coupling is that due to the 7 =electron coupling mech-
anism,

A qualitative picture of this mechanism will be briefly
given (36). Proton-proton coupling constants are dominated by the
(nuclear spin) - (electron spin) - (electron spin) - (nuclear spin)
coupling mechanism. The (electron spin) - (electron spin) link is a
strong electrostatic interaction betwsen electrons and is of the Dirac
spin exchange type. The (nuclear spin) - (electron spin) intersction
is the Fermi contact interaction. This discussion is the same as in
the valence bond approach and is given here to show how it is modified
to the case where the coupling may be transmitted via the ¢ = T elec-
tron interaction.

When only G <bonds are involved the coupling mechanism is
easy to follc_wo By a magnetic coupling proton H polarizes the spin
of the electron in a hydrogen~like ls orbital centered on H, This
polarized spin, through exchange coupling, polarizes the spin of the

electron in a carbon sp2 orbital used to form the aromatic C-H bond,
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This polarization mechanism proceeds along the O <bond electrons
and eventually produces an electron spin polarization at some other
electron centered on proton H® which then magnetically couples with
HY, When dealing with carbon hybrid orbitals Hund®s rule must bse
accounted for. When the T -electrons take part in the coupling
mechanism the coupling path may proceed as follows. Proton H again by
a magnetic coupling polarizes the spin of the hydrogen ls electron
which in turn couples with the sz carbon electron. Then through
intra-atomic exchange coupling the polarized spin in the sp2 bond
coupies with the T =electron spins and this m <electron spin
polarization is distributed over thé aromatic ring system; This w
~electron spin polarization then couples back into the ¢ =electron
system and eventually produces an electron spin polarization at some
other proton H'. The magnetic interaction betwseen this electron
spin and proton H' completes the coupling path from H to H', This
T -electron contribution is small (~ 2 cps) but not so strongly at-
tenuated since it requires the contribution of 0 - T electron cone
figuration interaction to the molecular ground-state wave function
and this contribution is small.

McConnell has used the molscular orbital (36) and the valence
bond (56) approach to calculate the 7 - electron contribution to the
total coupling constant in aromatic systems. He was able to calculate
the T =electron contribution directly from the data obtained from the
isotropic splittings due to aromatic protons in the electron spin re-

sonance spectra of aromatic T -electron radicals. Since the observed
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isotropic hyperfine splittings in these radicals arise from a contact
interaction due to a 0 = T eonfiguration interaction, they give a
direct measure of the unpaired spin densities at the 0 -protons. But
proton-proton coupling also requires that the 7 -electron have a finite
spin density (s = character) at the proton. Therefore, the T -electron
contribution to proton-proton coupling constants may be calculated from
aromatic proton hyperfine splittings (36). The 0 -eleetron contributions
should be similar to those found for vicinal and other non=aromatic pro-
" ton eouplingsvwhich occcur via the 0 =electrons.
McConnell's (36) treatment is as follows. Experimental
evidence shows that
233 oy = Qo Oy
where ay is the hyperfine splitting due to proton N, é?N is the un=
paired electron density at carbon atom N bonded to proton N and
C?CH is a constant (in gauss). Hence CQCH corresponds to an effective.
isotropic hyperfine coupling constant arising from the interaction be-
tween a T =slectron in a carbon atomic orbital and the ad jacent 0 =pro-
ton. From molecular orbital calculations the contributioﬁ of the 1
-electrons to the coupling between protons N and N is {57),

- 2 2. 2
234 e (W = B ey Py
h AL

where PNN' is the mobile bond order between the carbon atoms bonded to
the hydrogen atoms, & E 1is an average excitation energy to triplet
states and fg is the Bohr magneton. <§?CH is determined experimentally
and is found to depend on the charge (58) and hybridization of the car-
bon atam (59, 60) and is approximately equal to 24 gauss (61, 62).
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For proton-proton coupling constants in alternant aromatic molecules
this relationship predicts zero coupling of protons attached to carbon
atoms separated by an even number of carbonecarbon bonds.

MeConnell's (56) valence bond approach gave more reasonable
contributions of T -electrons than his molecular orbital approach. The
calculated T -electron contributions to the total coupling constants in
benzene using this approach are +0.47, =0.21 and +0.23 (cps) for the
ortho, meta and para proton-proton coupling constants respectively.

These results indicate that since the calculated values of
Jime () for the ortho and meta proton coupling constants are much
smaller than the observed values, the main coupling mechanism in both
cases is via the 0 =electrons. The T =bond mechanism dominates the
para coupling since the calculated value of 40.23 cps agrees with the
magnitudes and sign obtained’for the para coupling in many substituted
toluenes as determined in this study.

The magnitude and positive sign of the meta coupling constant
and analogous 1:3 couplings across heterocyclic aromatic rings still
remain as an anomaly (63). In the vast majority of nonearomatic mole-
cules proton-proton coupling constants across this number of bonds are
negative in agreement with the usual Diraec vector model (38, 64).
McConnell showed that the T =electron contribution to this eoupling is
also negative (56). Hence there is some speculation that the meta
coupling mechanism may involve a direct overlap between the small spg OFem
bitals of the two meta carbon atoms across the ring (63)., Then the

effective coupling would be across three bonds. This mechanism has
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been suggested to explain fqur 0 <bond coupling constants in saturated
systems which can adopt a "tail-to=tail" configuration (65 and re-
ferences therein). Barfield (65) has studied the angular dependence
of four=bond coupling constants using the valence bond approach. He
applied his treatment to many saturated and unsaturated systems and
estimated the 0 <bond contribution to the meta coupling constant to be
+1,03 eps.

MeConnell (36, 56) has also considered the T -electron cone
tribution to the total coupling in naphthalene where he found that the
para and longer-range proton-proton coupling constants are also dome
inated by the T -=electron mechanism and the 0 =electron contribution

is negligible.

(a) Introduction

Coupling between protons in benzylie methyl and methylene
groups and ring protons has been only slightly investigated (52),
Hoffman (55) attributed such coupling in mesitylene to hyperconjugation
between the T -slectron orbitals of the unsaturated molscules and the
pseudo T -orbitals of the methyl group. Schaefer and Schneider (66)
observed a broadening of the resonances of ring protons ortho to a
methyl group in substituted benzenes which was ascribed to a small
coupiing between the methyl and ortho ring protons. This coupling can
be eiiminated by a simple double resonance experiment as is done in

this study.



Another interpretation had bsen advanced to explain the
multiplieity of the methyl resonance in a related system. The pro-
ton magnetic resonance spectrum of 2, 2! -~ dimethyldiphenylether was
studied (67) and the doublet which was obtained for the methyl re-
sonance was sald to arise from restricted rotation about the C=0 bond.
This has since been disproved (68, 69) and the hyperfine structure
observed for the methyl resonance was shown to arise from long-range
‘coupling tokthe ring.

The signs and magnitudes of the long-range coupling constants
between ring protons and methyl protons in substituted toluenes are in-
qualitative agreement with a theory based on 0 = 1 interactions (36,

45, 55, 56, 70=72), McCormell (36, 56) and Karplus (45), using the
hyperfine splitting due to aromatic protons in electron spin resonance
experiments, obtained an estimate of the 0 - 1 electron interaction and
thus of the 7 «electron contribution to the spin-Spin coupling constante.
fhis contribution is also given by equation (2 = 34),

When the Cy=H bond is replaced by C,-C,-H, where C, is sp’ and
C, is sp3 hybridized, one of the C?CH terms in equation (2 = 33) and
(2 - 34) is replaced bw’C?CCH whose value is about 425 gauss for a freely
rotating methyl group (57, 70, 73=76), Consequsntly when a methyl group
is substituted for a proton on the benzene ring the magnitude of the
proton coupling constant determined by the 0 = 1 electron mechanism
should remain approximately the same. Only the sign of this coupling
should changs. This was discussed previously for non-aromatic unsate

urated systems and is based on the data that electron spin resonance
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spectra reveal couplings due to the methyl group in compounds such as
methyl=substituted semiquinenes with magnitudes nearly equal to those
observed for aromatic protons (73). These results indicate a nice way
of testing and determining whether a particular coupling constant be-
tween two protons is dominated by the 0 -7 electron mechanism. The
procedure is to substitute a methyl group for one of the coupling hy-
drogens and then to compare the magnitudes of the two coupling constants
(73)s Hoffman and Gronowitz (73) present a nice discussion on the
mechanism of coupling involving 0 = T interactions.

The application of McConnell®s equation (2 - 3%4) to methyle
substituted benzenes predicts & negative sign of the coupling constant
between the methyl protons and the ring protons in the ortho and para
positions. This approach however predicts a zero coupling to the meta
ring proton. The more refined valence bond treatment (56) does predict
a positive sign for this eoupling. |

When the valence bond calculation is carried out the equation
for the T -electron contribution to the total coupling is very similar
to equation (2 = 34) except that it contains a term which describes
the correlation between the T -electron spins on the two carbon atoms
N and N? diréctly bonded to the hydrogen nuclei H and H',

MeConnell®s approach (36, 56) has been shown to be correct.
Acrivos (70) studied mesitylene and observed the methyl-ortho and
methyl-para coupling constants. The magnitudes of these coupling con=
stants were predicted satisfactorily by his calculations which also
predicted that these couplings should have negative signs. The signs
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of methylering proton coupling constants were also predicted by
Hoffman and Gronowitz (73). In 2-hydroxye3-5-dibromotoluene the
long-range coupling constants from the methyl protons to the ortho and
para ring protons were shown conclusively to be negative using double
resonance techniques (72), In this study we show using one disub=
stituted toluene that the methyl-meta ring proton coupling constant
is positive and confirm the negative sign of the methyl coupling to
the ortho and para ring positions, These signs have recently been con-
firmed in a study of fluorotcluene derivatives by Blears, Danyluk and
Schasfer (77). |

Several other experimental results are of interest. Cohen
and McLauchlan (71) in 2-carbomethoxys5-6-dimethylbenzofuran found a
methylm@éth@ ring proton coupling constant of’ 078 + Oelol cps and
methyl-meta coupling constant of ‘033?‘1 0910] cps. The signs were not
determined. Dewar and Fahey (57) studied the long=range coupling in
acenaphthene and observed long-range ortho and para ring proton coupling
to the methylene protons but no coupling from the meta protons. Ap-
plying a correction factor to equation (2 - 34) to account for that
fact.that the methylene group is kept in a rigid eyelice structure and
not freely rotafing the magnitudes of the observed coupling constants
were predicted using this equation. The more sophisticated valence
bond approach (56) was not used sinee it predicts a measursable coupling
cénstant to the meta position (57),

The applicability of equations (2 = 33) and (2 = 3%) and their

‘application to = C=H and = &uCHB fragments has been further studied by




s

McConnell and Chesnut (78). They discussed indirect proton hyper-
Tine interactions in T =electron radicals in terms of a hypothetical
C-H fragment which holds one unpaired T —electron and two 0 <CH bonding
electrons, Molecular orbital and valence bond theories yield almost
identical results for the unpaired electron density at the proton due
to exchange coupling between the T -electron and 0 -electrons. The une
paired electron épin density at the proton tends to be antiparallel
to the average spin of the 0 =electron which leads to a negative pro-
ton hyperfine constant. They then extended the theory of the indirect
proton hyperfine interaction in the CH fragment to the case of poly-
atomie T -electron radical systems such as aromatic radicals and equa-
tion (2 = 33) was derived under these general conditions, It was
found to be valid for these systems assuming that the 0 = m exchange
interaction can be treated as a first-order perturbation in T =slectron
systems and that all effective 0 - T exeited states have approximately
the same excitation energy. These were found to be good approximations
in general for polyatomic T =electron radicals,

In summary McConnell's molecular orbital (36) and valenee bond
(56) approach predict a negative long-range coupling constant for a
coupling path separated by an even number of bonds and positive coupling
constant for a path with an odd number of bonds. Since ay for a methyl
proton is related to the spin densityfé?N»on the aromatic carbon atom
by the formula of the same type as for a proton directly attached to this
carbon atom (equation 2 = 33), the mechanism of the hyperfine inter-
action in both cases must be thé same (74). The hyperfine constant (2

for fragment H = C = is =24 gauss and for CH3-é= it is + 25 gauss,



)

(b) Factors affecting equation (2 = 34) and its application
| té the caleulation of long-range eoupling constants in
substituted toluenes,

1. Mobilé bond order between the carbon atoms bonded to the methyl
group and the proton.

Equation (2 = 34) predicts that longerange coupling constants
(which are due mainly to the o m“ﬁ electron mechanism) in a given mole-
éule will be proportional to the square of the bond order P§N': In
fact the magnitudes of longerange ring proton=methyl preton coupling
constants have been interpreted in terms of the double bond character
(mobile bond order) between the carbon atoms bonded to the methyl group
and the proton (52). Rottendoerf and Sternhell (79) have measured the
methyl proton-ring proton coupling constants in the three isomeric
tetrachiorotoluenas as well as in several methyl aromatic compounds
where bond localization is expscted to occur. Their results indicate
that the magnitude of JOH’ oy 8ppears to be related to the bond order in
these compounds as well as ig five-membered heterccyelic compounds,
In their discussion they assume, however, that the measured JOH,CH

3
in 3,4,5,6 =tetrachlorotoluene (0.63 + 0.02 cps) represents an ideal

or an unperturbed system and postulate that the magnitude of JOH,CH in
six-membered aromatic and heteroceyelic rings where no bond loealization
can be postulated is approximately equal to this value. An increase or
a decrease in this coupling is then aseribed to a corresponding change
in the associated bond order. However, the measured JOH,CHB value does

not represent an unperturbed situation since substituents do have an
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effeect on CQCH and CQCCH and hence on the magnitude of the longerange
coupling constants as determined using equation (2 = 34) (discussed in

the next section),

The large JOH,CH values for l-methylnaphthalens and 2-methyl-
naphthalene (0.7 cps) and 2-methylanthracene (0.8 cps) have also been
associated (80) with large C, = C, bond order in these compounds, How-
ever, the methyl signals were poorly resolved and accurate measurements
of other long-range coupling constants could not be determined.

Associated with these compounds, the high resolution spectra
of 22 alkyl-substituted phenanthrenes have also been studied and
completely analyzed (81). The ortho, meta and para ring proton coupe
ling constants are all positive and their magnitudes confirm that in
phenanthrene, as in benzene and naphthalene (36, 56) the 0 -electron
contribution is dominant for ortho and meta couplings but the para
coupling is mainly of T -electron origin. Long-range coupling con-
stants were also observed between ring protons H (4) and H (10) which
corresponds to a coupling over five conjugated bonds in a "zigezag"
(52) path. The long-range coupling constants from the methyl protons
to the ring protons were calculated by an application of equation
(2 = 34), The excitation energy A E was taken as 4 e.v. and G?CH and
C?CCH were =25 and 425 gauss respectively., Using calculated bond
orders, the theoretical long-range coupling constants were obtained and
found to be proportional to the widths at half height of the methyl
resonances,

The increase in J°

H,CH
3
CHO group ortho to the methyl group in substituted orecinol derivatives

magnitudes with the introduction of a
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has also been interpreted in terms of increased T <bond order (82).

All the available evidence for the relationship between long=
range ring proton-methyl proton coupling constants and mobile bond
order has recently been reviewed (83) and the dangers of an uneritical
application of this relationship pointed out. Working with hydrocarbons
for which both calculated bond orders and measured coupling constants
are known (propene, acenaphthene, mesitylene, and 3 -methylphenanthrene),
a straight line plot is obtained for JH,CH3 as a function of Pang

(measured coupling constants are used to avoid errors in values of

Q CH? QCCH and A E),
Although a straight line plot is obtainéd, the prediction of

bond orders from J values (or the reverse) by direct interpolation is
subject to a number of difficulties., These arise from the many factors
affecting C?cﬁo CQCCH and & E in equation (2 « 34), In substituted
tolusnes, JOH,CHB values range from =0,60 to -0987 eps (83). Such a
range could adequately be attributed to a 20% variation in P;N,o There=
fore Blears, Dényluk and Schaefer (83) coneluded that variations in
coupling constants can be related to variations in bond order provided
consideration of the concomitant substituent induced changes in the
other parameters of equation (2 - 34) is inecluded. These are now dis-
cussed.
2. Charge on the carbon atom.

Colpa and Bolton (58) studied the dependence of hyperfine
splittings on charge densities of the carbon atoms, Since in parae

magnetie ions of aromatic molecules the carbon atoms have in general



& non-zero gxcess charge density besides a nonezero spin density, they

proposed that MeConnell's equation (2 < 33) should have the form (84)
2.35 a = (@ + x€DPET,

This equation has two semiempirical parameters CQ’ and K, The un=-
paired T =electron spin density on the kth carbon atom is éfg and € K
is the excess charge density (lnqk) where 9, is the total T <electron
éharge density on the kth carbon atom. Consequently GBCH is also de-

pen@eﬁt upon the charge of the ecarbon atom,

This equation is supported by proton hyperfine splittings ob-
tained for mononegative and monopositive radical-ions of the same mole-
cule (58), Since the spin density functions in both cases are the
same, application of equation (2 = 33) leads to equal splittings for
both positive and negative ions. This is in disagreement with experi-

ment since the observed splittings are larger in the positive ion. The

different magnitudes of the splittings are explained by the different
charge densities on the carbon atoms, Equation (2 - 35) has been ap-
plied to the proton hyperfine splittings in the benzenevpasitive radical=
ion by Carter and Vineow (84) who could thus account for the observed
15% larger splittings in this ion as compared with the benzene negative
radical ion.

As well, in aromatic systems the charge on the carbon atom is
affected by the substituents on the ring (85, 86), Thus there exists a
substituent effect on (QCHO A change in CPCH on substitution of up to
10% has been estimated in representative compounds (83),

Similar considerations also apply to CQCCH as shown by Carter



~and Vincow (87) in their study of the proton hyperfine splittings of
the hexamethylbenzene positive radical ione
3. Hybridization state of the carben atom.

The magnitude QECQCH is affected by the hybridization state
of the carbon atom in question (59, 60). Theoretical interpretations
of 013 hyperfine interactions showed C?CH to vary from a CH3 to a CHC2
radical. This is further complicated since éﬁbstituents on the benzene
ring also affect the hybridization state (88).

L, Sterie effects.
The methyl and other alkyl proton hyperfine splittings in

ortho substituted nitrobenzene anion radicals have been examined (76)

for conformational implications., Arising from steric interactions,
there is a dependence of the C; = H proton hypérfine splitting (C1 is
sp3 hybridized) and hence onCCH5 on the angle between the Cp = Cy -
H plane and the axis of the T aorbitalvon the C2 carbon atom (76) (C2
is sp2 hybridized and forms part of the ring system), Thus bulky ortho
substituents will affect GchH and consequently the applicability of
equation (2-« 34),

A temperature dependence of J (1) in ortho substituted tol-
unes is also a possibility. In toluene and some of its para derivatives
the rotation of the methyl group is essentially free (83 and references
therein). Hence the application of equation (2 - 34) is Justified.
When dealing with ortho substituted toluenes the three-fold symmetry of
the methyl group is reduced since the potential barrier to free rotation

is no long zero (89). For exampls, in a similar system, this has been
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obsserved in 2;6‘a8ymmetfically disubstituted benzotrifluorides, There
are two different rotational conformers of the CF.3 group (89) with
which there is associated a strong temperature dependence of J?,F
(F.CFB)@ The magnitude of the potential barrier to internal rotation
of the CF3 group was found to be about 1 kecal./mole.

The temperature dependence of the coupling constant in ortho
substituted toluenes is further supported by studies earried out on
propene and its derivatives, In these systems the potential barrier to
internal rotation of the methyl group is between 2,0 and 2,7 keal./mole
(90-92). Thus this effect must be considered when applying equation
(2 = 34).

5. Other effects.

The proton hyperfine splittings have been found to be tempera=
ture dependent (76, 84, 87), solvent dependent (84) and substituent de-
pendent (76, 93).

In summary, when a comparison is made between the observed
long-range coupling constants and those caleulated using equation (2 = 34)
or when deviatidns exist in these couplings from molecule to molecule,

all interpretations have to be carried out with extreme care since many

factors are always present.

(¢) Effects of alkyl groups on ring 7 ~electron systems,
Many electron spin resonance studies have been carried out on
aromatic radical ions to determine the effects of alkyl groups on m

-8lectron systems. The electron spin density may be transferred to the
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methyl protons via three mechanisms, namely, polarization by the
O framework, hyperconjugation due to the T -orbitals and inductive
effects (94-102). The various studies indicate that the last tﬁo
mechanisms predominate (102) and that the contributions from the
spin polarization mechanism acecount for only about 3 per cent of the
obsérved,methyl proton hyperfine splittings in paramagnetic aro-
matic systems (96).
The substituent effect of the methyl group on the proton
chemical shifts in aromatic systems has also been studied (85, 103).
These results together with those described in the previous
section confirm the-conclusion that any interpretation of long-range
coupling constants and thé application of equation (2 - 34) must be

carried out with extreme care.

The signs of the spin-spin coupling constants between the
methyl protons and fluorine nuclei in ortho, meta and para fluoroe
- toluens derivatives have also been determined by double resonance

_ . n
techniques (77). JOF,CHB and JpF,CH are positive while J F,CH is

negative, This sign sequence is opszite to that of the methylaproa
ton-ring proton couplings determined in this study and arises from
the opposite sign of the hyﬁerfine coupling eonstant,(?CF as compared
with C?CH’ i.e. positive. Support for a positive C?CF also comes
from a study of fluorine contact interaction shifts (104-105).

The signs of the long-range couplings between the fluorine

nucleus and ortho, meta and para ring protons have also been determined
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in 2-amino=5<bromobenzotrifluorides (106)., The coupling eonstants

and JpH cF_ 8re negative and Jmﬁ CF is positive. The signs
9 4
3

o
H,CF

3 3 @

th for th d J 1
are the same as for the corresponding HpCHB couplings since CCF

J

3
is positive as is QCCH (107),

3



E. ABSOLUTE SIGNS OF COUPLING CONSTANTS IN AROMATIC SYSTEMS

The electron-coupled spin-spin interaction or coupling cone-
stant in which the preferential orientation of the coupling nuclear
spins is antiparallel is defined as a positive coupling (108). The
coupling constant is negative when the spins are parallel.

Absolute signs of coupling constants cannot be determined
directly from a nuclear magnetic resonance spectrum whose appearance,
wﬁile depending upon the relative signs of these couplings, is un-
affected by a complete sign reversal (109). Two methods have been
used which allow the determination of the absolute signs of coupling
constants in aromatic systems. In both methods one compares the
isotropic electron-coupled spin-spin interaction with the anisotropie
dipole=dipole interaction.

- The first approach is due to Buekingham and MclLauchlan (109).
A strong dc electric field is applied to the sample and at the same
time the spectrum is recorded. The orienting effect of the electric
field induces a small change in the hyperfine splittings in the spec-
trum from which the sign of the coupling can be obtained. The normal
high resolution spectrum exhibits splittings arising from the isotropic
coupling constant but the nuclear magnetic dipole-dipole interaction
is averaged to zero by molecular tumbling. The application of the elec-
tric field, however, produces a partial alignment of the electric die
poles and hence a non-zero nuclear magnetie dipole~dipole interaction

results which appears in the spectrum as an additional splitting.
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This either adds to or subtracts from that due to the isotropie coup-
ling constant according to the sign of the latter. Using this methed
the ortho ring coupling constant in para-nitrotoluene was found to be
positive (109). However, this induced coupling was found to be absent
in the studies carried ocut by Sears and Hahn (110, 111). Hence an
element of doubt is still associated with these results.

A related method is to dissolve the molecule being studied in
a nematic 1liquid erystalline solvent which is partially oriented in the
magnetic field. This experiment was first carried out by Saups and
Englert (112, 113) who showed that the signs of the ortho and meta ring
proton coupling constants in benzene are positive., In a magnetic rew
sonance experiment, a nematic solvent provides a homogenecus but aniso-
tropic environment for the solute molecules, Tumbling and translational
movements of the solute molecules ars rapid but all orientations of the
molecule with respsct to the applied magnetie field are no ionger equally

likely.. Hence the direct intramolecular dipole=dipole interactions do

not average to zero as they do in a normal liquid while the intermole-~
cular interactions do average to zero. From the analysis of the spectrun,
which contains peaks arising from these intramolecular dipole-dipole
interactions, the absolute signs of the coupling constants can be detere
mined.

Once the absolute sign of one coupling constant is known, the
signs of the other couplings may be determined with respsct to it. The
first approach in the determination df relative signs is based on

spectral analysis which shows that in substituted benzenes all the ring
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protor coupling constants are positive (114-117),

The second approach is the application of double and multiple
resonance techniques. These are discussed in the next section. The
positive sign of all the ring proton coupling constants has been cone
firmed in this manner (118)., Only one negative ring coupling constant
has been observed so far, namely the mets coupling eonstant J26 in
3=acetylpyridine, The result obtained is -0,21 eps (119). The pre-
sence of the nitrogen in the ring however, via which this coupling

proceeds, has g large effect on the sign.
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Fo NUCLEAR MAGNETIC DOUBLE AND MULTIPLE RESONANCE

One of the most powerful tools for handling the interpretation
of complex high resolution spectra, the determination of energy level
diagrams, and the signs of spin-spin coupling constants is the nuclear
magnetic double (or multiple) resonance technique whieh has been dis-
cussed by various authors (118-137). In these experiments the magnetie
resonance of one group or nuclei (for example A) is observed by means
of a radiofrequency field H1 at a‘frequengycq1'while.a second group of
nuelei (say X) is irradiated with a field H2 at a frequency &, Cer-
tain modifications in the spectral group structure of A result from the
irradiation of group X if the multiplet structure is caused by spin-
spin coupling between the two groups of atoms. Thus strong radio-
frequenecy irradiastion represents a well-defined experimental pertur-
bation of the spin system and allows the spectroscopist to modify his
spectra in a controlled manner (136).

This technique has been extensively used and has been well re-
viewed by Baldeschwiseler and Randall (127) and Hoffman and Forsen (136).
A brief introduction will be given here. The actual procedurs for
predicting which multiplets will collapse on spin decoupling and which
transitions will split into doublets on tickling a "connected" trans-
ition are described in the "Experimental Results" section of this
chapter in connection with observed spectra. The dstails are also
given in the above references.

In this study the double resonance experiments have been carried
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out in the frequency-sweep mode of operation. This procedure requires
that the irradiating field H2 at frequenechE and the external field H°
remain constant while the observing frequencyddi (and Hl) is varied so
as to scan the observed part of the spectrum in the reglon of group A
(the frequency'ﬁé is applied at a fixed speetral position in the X

~ group).

The intensity of(ZE is usually kept as small as is compatible
with a good signal-to-noise ratio. The strength ef‘aé can be varied and
thus determines the type of experiment that is carried out, Two dif-
ferent double resonance experiments were carried out in this study and

will be discussed separately.

In this experiment ¥ H2 2 2nJ, This corresponds to a strong
perturbation of the multiplet structure and is the condition for the
spin decoupling technique.‘ A éplitting in the X region is irradiated
while the A multipleﬁ 1s simultaneously observed to see which corresponde
ing doublets collapse into a singlet line. This collapse depends upon
the relative signs of the coupling constants involved, This approach
is usually applied to weakly coupled spectra. A spin decoupling ex-
periment carried out on intermediate or strongly coupled systems is
difficult becauss it is usually not possible to prevent more than one
coupling from being disturbed by the strong irradiation field. When
this happens the interpretation of the results is difficult.

Consider a weakly coupled AMX system in which a splitting

corresponding to JMX in the X quartet is irradiated and hence decoupled



59

from the rest of the spsctrum, The relative signs of JAM and JAX

may be determined since JMX is decoupled in just those molecules of the
sample for which nucleus A has one of its possible spin states while
not appreciably perturbing molecules for which nucleus A is in the other
spin state., The relative signs of JAM and JMX can be determined from
the multiplets which collapse when a splitting corresponding to JAX is
irradiated. Hence the signs of two of the coupling eonstants with
respect to the third can in prineiple be obtained. As far as relative
signs of coupling constants are concerned, %his is all the information
that is available from such a spin decoupling experiment, The deter-
mination of the relative signs of coupling constants in AMX systems has
been illustrated by Freeman (122),

The exact method and procedure for determining relative signs
of coupling constants from spin decoupling data is illustrated in this
thesis for the molecule 2=bromo=5achlor0tolﬁene in the "Experimental
Results" section. By decoupling the quartets in the ring proton region
of the spectrum corresponding to the long-range coupling from the methyl
protons to the ring protons and at the same time observing the collapse
of the methyl proton multiplet, the relative signs of the long-range
coupling constants with respect to the signs of the ring couplings are
determined.

The nuelear magnetic double resonance spectra of three spin
systems has been discussed by Rao and Baldeschwieler (126). A Hamile
tonian is used that is made stationary by transformation to a rotating

coordinate system and is diagonalized in the rotating frame. The
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energies and relative intensities of the transitions of nucleus A in

an AMX system are given for the case where nucleus X is being irradiated.
The results of the relétive sign determination discussed above are
predicted by this analysis.,

2, Spin Tickling SStronglx Coupled sttems}

In this case 2mJ > ¥ H %2 of the irradiated line. This
corresponds to a double resonance with s weak irrediating field, This
is the condition for a tickling experiment in which a transition in the
X region is irradiated and several transitions in the A region split
into a number of components., The tickling experiment consequently may
be carried out on a strongly coupled system and gives direct information
about the ordering of the energy levels between which the irradiated and
the observed transitions occur,

The prineiple of the tickling experiment is that if two nuclear
magnetic resonance transitions have a common energy level, irradiation
of one of these single transitions in a spectrum at¢Q7 will cause the
second transition to split into a doublet. The practical value of this
method is that the perturbation of the other lines in the spectrum may
be kept small, The theoretical treatment of the effect of weak per-
turbing fields on strongly coupled systems has been carrisd out by
Freeman and Anderson (125),

Three basie rules for the interpretation of observed double
irradiation spectra in terms of the energy level diagram of the system

were set down. The first rule shows how any transition which has an

energy level in common with a nondegenerate transition excited by a




frequency(ﬂ% will be split into a doublet. The second rule prediects
that these doublets may be either well or poorly resoived depending on
the arrangement of the energy levels., Lines corresponding to trans-
itions baving an energy level in common are ealled "connected" trans-
itions which may further be divided into two categories:
a, The energy of the common level "e" is intermediate between those
of the two terminal levels - transitions are in a progressive cone
figuration, and |
be The energy of the common level "e" falls outside the interval
demarcated by the two other levels - transitions are in a regressive
configurationw

r C

—__, X
S r S
a. b.

In a, the spin quantum numbers of the two comnected energy levels r

and s differ by two units and in b, the spin quantum numbers are the
same. Rule 2 states that the doublet formed on tickling a transition
in the progressive configuration will be poorly=resolved while in the
regressive configuration it will be well-resolved, The third rule states
that the magnitude of the splitting in the well-resolved doublet is
proportional both to the strength of the perturbing frequeney(ﬂé and to
the square root of the iﬁtensity of the perturbed line,

Freeman and Anderson (125) applied the tickling experiment to
various systems and havevdemonstrated the sensitivity of this method
for an ABC system . It was possible to distinguish the optimum setting
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of(lé for one line as compared to the neighbouring line despite the
fact that the two lines are wnresolved in ths normal spectrum. The
two settings of 4J, differed by only 0.4 cps.

The effect of a weak perturbation on a three spin ABC system
is easy to study. An unsymmetrical three=spin system has eight energy
levels and twelve strong transitions. The energy level diagram may be
represented by a cube where the corners represent the eight energy levels
-and the three sefs of four parallel edges represent the quartets of the
transition lines. When this representation is used, the effects to be
observed upon double-irradiation can very easily be predicted as is
shown in the "Experimental Results" section of this chapter, Tickling
experiments, as well as spin decoupling experiments only determine re-
lative signs of coupling constants, Absolute signs cannot be determined,
Changing the signs of all the coupling constants merely inverts the
energy level diagram as given by the cube model and the same experi-
mental results will be obtained as in a tickling expsriment with the

reverse sign assignment,




3.

NATURE OF THE PROBLEM
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Since long=range coupling constants betwsen the mnethyl pro-
tens and ring protons in substituted toluenes had bsen only slightly
investigated, the object of this research was to study thém further,
to compare them with existing theoretical caleulations andrto deter-
mine any substituent or solvent effects.

Applying tickling experiments, the signs of the meta and
para ring proton coupling constants are determined with respect to
the known positive sign of the ortho proton coupling econstant. The
signs of the 1ong~range coupling constants from the methyl protons to
the three ring protons are determined in 2=bromo-5-chlorotolusne with
respect to the signs of the ring proton coupling constants using deuble
resonance techniques, This molecule is also studied in several solvents
to determine any solvent effécts'on_the long-range couplings., Various
other disubstituted toluenes, a trisubstituted toluens and a side=chain
substituted toluene are studied to determine substiient effects on
these couplings.

The signs and magnitudes of the long=range methyl proton=ring
proton coupling constants are intérpreted in terms of McConnell's
theory (36, 56) of T -electron contributions to coupling consténts,
From the ring proton spectra with the methyl group decoupled the ring
proton shifts and coupling constants are deteymined using an ABC analysis.,

" The long-range coupling constants agree with the theoretical
calculations and are not substituent dependent nor seolvent dependent.
The magnitudes of the ortho ring proton coupling constants depend on the
substituent electronegativities, The methyl proton shifts vary with the

sum of Hammett substituent constants.
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EXPERIMENTAL METHODS



A, COMPOUNDS

The substituted toluenes were obtained from K & K Labora-
tories, Inc., Crown Zellerbach Chemical Products Division, Columbia
Organic Chemicals Co., Inc., Matheson Coleman and Bell, Pfister
Chemical Works Inc., Aldrich Chemical Co., Inc., and Eastman Organic
Chemicals. Only 2<-hydroxy-3=5-dinitrotoluene was recrystallized twice
from benzene before being studied. The other substituted toluenes
and toluene were studied without further purification. The solvents
acetonse, benzene and carbon disulfide were spectroquality grade from
Mathesen Coleman & Bell, dimethylsulfoxideadé was obtained from
Stohler Isotope Chemicals and benzene-d6 was.obtained from Merek,
Sharp & Dohme Co. ' These were all used without further purification.
A1l compounds were studied with about 2 mole % tetramethylsilane (TMS)
as internal reference., For most of the measurements CS2 was chosen
as the solvent rather than C014 since it has a lower viscosity and
therefore permits inherently better resolution (138) which was re-

quired to observe all the splittings of the methyl group.
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B, PROTON MAGNETIC RESONANCE MEASUREMENTS

All p.m.r. spectra were measured on a Varian DA-60.I spece
trometer locked to internal TMS, Calibrations were carried out by
reading frequency differences in the frequency sweep mede and sub-
sequent interpolation gave the peak positions with a preeision of
about 0.85 cps. The solutions were degassed by the freeze-thaw tech-
niques The temperature of the samples was 28,5 + 1.0°C as determined
using an ethylens glyecol sample and a calibration graph of internal
shift versus temperature, This was preparsd by Variaﬁ Associates,

Palo Alto, California. All spectra were run at least four times withe
out and then with the methyl group decoupled.

With two exceptions the toluenes were all disubstituted and
belong to the ABCX3 system (1). Sincs the methyl shift is at least
200 cps from the ring proton shift and the long-range coupling constants
from the X (methyl) protons to the three ring protens. are all smaller
than 1 cps, the magnitudes of the long-range coupling constants were
obtained from the ring proton spectra directly using first order rules.
They are the average of twenty to thirty values and the errors are all
standard deviations from the mean. As a check these values were al-
ways used to predict the splittingsvof the methyl protons., The separa-
tions of the methyl protons were also calibrated and standard deviations
obtained, The pfedicted separations for the methyl protons as obtained
from the ring proton spectra agrsed very well with the observed values
and were always well within the standard error limits.
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The analysis of the ABC part of the ABCX3 proton spectrum
was considerably simplified by decoupling the methyl protons. This
allowed an accurate determination of all the ring proton line positions.
All decoupling and tickling experiments were performed in the usual
manner (120, 121, 125, 127, 129). In the frequency sweep mode of
operation the irradiating radiofrequeney a5 is set on the desired
transition or transitions while the whole spectrum is simultaneously
‘examined by sweeping the observing frequencyt@ie For double and
triple resonance experiments two Hewlett-Packard 200 CD audio oscil-
lators were used to which sets of reduction gears were attached, The
power of the decoupling frequency for the methyl group was kept as low
as possible eonsisfent with complete decoupling. The centers of the
quartets corresponding to the long-range splittings by the methyl group
were always compared with the single line position obtained when the
methyl group was decoupled and there was never more than a change  of
about 0.1 cps on decoupling. Since the methyl and ring proton shift
difference is so large, decoupling the methyl protons thus causes only
a very small perturbation of the ring proton spectrum. For this reason
the Bioch-Siegert shift (139) is small, Theréfore the ABC analysis was
carried out on the ring proton spectra with the methyl group decoupled,

The analysis of the 3-spin ABC sysﬁem was carried out following
the method of Castellano and Waugh (140) and Cavanaugh (141). The pro-
grém in Fortran-II for this énalysis was obtained from J.R. Cavanaugh
(141). It was modified to FortranIV by Dr. H.M. Hutton and all the

computations were carried out on the IBM=360 Disc Operating System at
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the University of Manitoba. The required input data were the centers:
of the three quartets with respect to the center of the ring proton
spectrum, the three common spacings, the pesitionvof the lowest field
line and the relative line intensities normalized to twelve, The line
positions to low field of center by convention wewe always negative with
those to high field being pasitive° Many solutions for esach ABC analysis
were always obtained, However, there was no problem in choosing the
correct one sinee only one solution gave positiva signs for all three
ring proton coupling constants, That both the meta and para ring pro-
ton coupling constants are positive if the ortho coupling is positivs
1s demonstrated in this study using tickling techniques,

The assignment of the three quartets associated with the three
ring protons was straightforward. In all the disubstituted toluenes
that were studied all three ring proton coupling constants, i.e. ortho,
meta and para, wers always present, For example, any one molsculs
never had two ortho coupling constants, In such a situation a proton
assignment may be much more diffieult., Since the magnitudes of the
three coupling constants decrease in the order ortho ) meta > para,
the assignment was not diffieult.

The ring proton and methyl proton shifts as well as all the
coupling constants are swmarized in the next section. The sum. of the
squared deviations betwsen the calculated and observed intensities are
given for the ABC ring proton spsctra. These were also caleulatsd by
the computer program., The error in the proton shifts is estimated at

2005 ppm. This is probably an overestimate but takes account of the
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small Bloch-Siegert shift, small variations in tempesrature and the
fact that all spectra were run from low to high field.
' There were two exceptions to the ABCX3 system, namely
dQB,#mtrichlorotoluene (ABCXZ) and 2-hydroxy=3-5-dinitrotoluens (ABRXB)e

The analysis of these systems will be diseussed in the next section.
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EXPERIMENTAL RESULTS
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The substituted toluenes under consideration are divided into

four series and these will be considered separately,.

Series I

In this study several 2,5-disubstituted toluenes Were con=

sidered in the study of the long range coupling between the methyl protons
and the ring protons. The coupling constants are given in Table 2-IA
and the chemical shifts in Table 2-IB, The effect of different solvents
and concentrations on the long-range coupling constants was studied but
none was observed, The change in long-range coupling eonstantstas a
function of the substituent in the 2-position was studied while_the B
position substituéent (chlorine) remained unchenged, Only the magnitude
of JOH,CH changes very slightly when the bromine atom is replaced by the
amino group (a strong electron donor)., This change is within the ex-
perimental errors obtained for this coupling constant in these two come
pounds. The compound 2-nitro=5-chlorotoluene (a strong electron withe
drawer is in the 2-position) could not be obtained, However, in the next
series, various other nitro-substituted toluenes are studied, Replace=
ment of both the 2- and 5- substituents was studied in the compound 2.
thiomethyl-5-hydroxytolusne and again a change in the magnitudes of the
long-range coupling constants was not observed.

The signs of the ringemethyl and ring=proton eoupling constants
were determined using the 10 mole % solution of 2=bromo=5=chlorotoluene
in CS2° These will now be discussed in more detail. Several spectra
for this solution are also shown and are typical of the many compounds

studied.
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Footnotes to Table Z.IA

1.

2,

3e

Determined by an ABC analysis of the spectrum with the methyl group
decoupled.
The errors are standard deviations. The ABC analysis was carried out

on the IBM=360 computer. Maximum and minimum values of the measured
common spacings as well as the average values were used as input data
in determining the chemical shifts and coupling constants., It was
found that the magnitude of the coupling constant increased or de-
ereased by the samé amount as the change in the magnitude of the come
mon spacings used as input data. Hence, the standard deviations for
the ring proton coupling constants obtained from an ABC analysis are
equivalent to the standard deviations obtained experimentally for the
common spacings.

Determined when the thio-methyl group waé decoupled.

The coupling between the thio-methyl protons and ring proton HB is
very small and could not be determined exactly. The sign of this
coupling with respeet to the ring pfoton coupling constant was not.

determined. The thioc-methyl protons were found to couple only to

ring proton Hge
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Footnotes to Table 2-IB

1. The ring proton shifts were determined by an ABC analysis of the

3e

spectrum with the methyl group decoupled, Only a very small shift

of approximately 0.1 cps was observed for the ring proton peak posi-
tions on deeoupling the methyl group in comparison with the centers

of the multiplets of-ﬁhe non-decoupled spsctra. This small shift is
within the quoted experimental error limits,

The sum of the squared deviations in intensities between observed and
calculated ABC-ring proton spectra.

The sum of the squared deviations in intensities could not be determined

since the low field doublet of proton‘HS was obscured by the solvent.
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Figure 2-1 gives the ring proton spectrum of 2=bromo=5-
chlorotoluene using the frequency sweep mode., It is a loosely coupled
ABC part of an ABCX3 spectrum, The resonances of the three protons
are sufficiently well separated to be assigned by inspection. The fine
splittings of all the lines are due to the coupling between the ring
protons and the methyl protons. This was confirmed by earrying out a
sbinudecoupling experiment in which the irradiating frequency was centered
on the methyl resonance while the ring proton spectrum was observed. The
resulting ABC ring proton spectrum is shown in Figure 2-2b, The cal-
culated spectrum following ABC analysis is shown in Figure 2-2¢, In
7 Figure 2-2a, the A,B, and C quartets are labelled and the spin states of
the two neighbouring protons during each transition are indicated, as-
suning all ring couplings positive., All the shifts and ecoupling constants
for this compound as well as the others in Sepries I are given in Tables
2-IA and 2.IB, Similar spectra werse obtained in all cases,

The transitions shown in Figure 2-2b were assigned to the three
ring protons in the following manner. The para coupling is the smailest
and is under one cps. A splitting of this magnitude is observed betwsen
tranéitions Bl « B2, B3 « B4, Cl = C2, and C3 = Cl, An ortho coupling is
the largest and approximately 8 eps. A splitting of this magnitude is
observed betweeh transitions Bl - B3, B2 - Bh, Al = A3, and A2 - A4,
Hence transitions Bl to BY are assigned to proton HB which has protons
ortho and para to it. The other transitions wers assigned to the two
remaining protons in the same manner utilizing the experimental observae
tion that meta ring proton coupling constants have magnitudes of approxi-
mately 2 cps.



Figure 2-1
Ring proton spscturm of a 10 mole %

solution of 2=bromo=5-chlorotolusne

in C3, recorded by sweeping the fre=-

queney‘aag
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Fig ure 22
The ABC (ring proton) part of the

spectrum of Z2=bromo-5-chlorotoluene
in 032 with the methyl group de-
coupled (b)e In (a), the A,B, and C’
quartets and their respective trans-
itions are labelled and the spin
states of the two neighbouring pro-
tons during each transition are in-
dicated. The three ring proton coup-

lings ares all positive. The caleulated

spectrum is shown in (c).
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Figure 2

Spectrum obtained by tickling transition
Bl of the ring proton spectrum while the
methyl group is decoupled, a triple re-
sonance., The spectrum is observed by
éweeping the frequency W;, the methyl
group is decoupled with a second oseil-
lator at its resonant frequency (,, while
the spin tickling is carried out by a
third frequency irradiating transition Bl
at its resonant frequenquQé@ B2 is ob=
scured by tickling Bl, but there is neo

doubt that Bl is the tickled transition.
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Figure 2=3 gives the spectrum obtained by tickling transi-
tion Bl of the ring proton spectrum while the methyl group is decoupled
(triple resonance experiment). The observed spectrum shows that the
ring proton coupling constants are all of the same sign. Similar tickl-
ing experiments on other transitions served to confirm this result.
Hence all the ring proton coupling constants must be positive since the
ortho coupling constant is positive.

Freeman and Anderson (125) describe the arguments needed teo
fird the relative signs of the coupling constants using tickling ex-
periments. Their approach will now be applied to our system. Only one
experiment will be described, namely the tiekling of transition Bl. A1l
the experiments fhat were carried out were analyzed in this manner.

The tickling experiment was carried out by observing the ring
proton spsctrum with frequency /-, At the same time the methyl group
was decoupled with a second oscillator at its resonant frequencycﬂé and
the spin tickling was carried out by a third frequency irradiating
transition Bl at its resonant frequencyédéo

Freeman and Anderson show that the experimental spectrum ob-
tained from only one tickling experiment will correspond to only one of
the four possible arrangements of the relative signs of the meta and
para coupling constants with respect to the orthe coupling. Assuming
that all three coupling constants ére of the same sign, the labelling
of the transitions is shown in Figurs 2-2a, The energy level diagram
of the ABC system assuming all three coupling constants are positive is

given in Figure 2-4, From the energy level diagram of the system it is
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seen that tickling transition Bl should split transitions Cl and Al into
sherp doublets (regressive configuration of the common energy levels)
while C2 and A3 should also be split but not as much (progressive con-
figuration of the energy levels) nor as well as Cl and Al. Relative

to the splitting observed for Cl and Al, C2 and A3 should be broadened
doublets. From the observed spectrum shown in Figure 2-3 it is seen
that transitions Al and A3 are indeed split. However, only a single
peak is obtained for transitions Cl and C2 instead of the expseted four.
This may be explained by the faet that the separation betwssn Cl and

C2 is only 0.5 cps and the four lines cannot be resolved. They all
overlap and only a singlet is observed on tickling Bl, These results
together with several other tickling experiments show that all three
ring proton coupling constants are of the same sign,

Figure 2-5a shows the single rasonance spectrum of the methyl
group of Z2=bromo-5-chlorotoluene. The lines are numbsred frem 1@% to
high field, B@@anss of the magnitudes of the ring-methyl couplings there
is overlapping of two transitions in two cases, resulting in six instead
of eight observed transitions,

The relative signs of the long=range coupling constants between
the methyl protons and the ring protons with respect to the known signs
of the ring proton coupling constants were determined by spin dscoupling.
These experiments were carried out by irradiating various quartets arising
from the long-range coupling constants in the ABC region with 2 frequency
QE while simultaneously observing the methyl proton resonance with

frequency (o The first decoupling experiment was carried out by irradiating



Figure 24
The energy level diagram appropriate to
2=bromo=5=chlorotolusne assuming that all'

three spin coupling constants are positive

and 9,50 > (9,0l > gl o Tt is eal-

culated for the case in which the methyl
group is decoupled from the rest of the
system and the ring protons may be treated
as an ABC systeme. The corners of the cubs
represent the eight energy levels and the
three sets of four parallel edges represent

the quartets of the transition lines.
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Figure 2=5
The methyl group proton spectrum observed

by sweeping the frequencytﬂie The lines

are numbered from low to high field, (A)
Unpsrturbed spectrum. (B) The methyl group
proton spectrum observed when the decoupling
frequeney(ﬂé irradiates the quartet centered
on transition Bl which arises from the long-
range coupling between the methyl protons and
ring proton Hye Transitions 5 and 6 collapse
into a singlet. (C) Spectrum observed with the
quartet centered on transition Al decoupled,
Transitions 3 and 5 collapse and overlap

transition 4.
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the quartet centered on Bl (Figures 2-1 and 2-2a) arising from the long-
range coupling between the methyl protons (X) and proton Hze In Figure
2=1 it is seen that this quartet is not completely observed since it
partially overlaps the quartet centered on transition B2, By irradiating
the quartet centered on Bl, from Figure 2-2a it is seen that the coup=-
ling JBX with negative spin states of protons HA and HC is erased, In
Figure 2-6 the only transitions that have negative spin states of both
protons H, and H, are 5 and 6 assuming that Joy and Jyx are both negative
while JBx is positive. The observed spectrum is shown in Figure 2-5b
and sinee transitions 5 and 6 of the methyl resonance collapse to a
singlet, this confirms that Jox (JﬁoCHB) and J,y (J§°CH3) ars of
opposite sign to the ring proton couplings, i.e. negative.

In Figure 2-5c a similar decoupling experiment was performed
by decoupling the quartet centered on transition Al, This corresponds
to decoupling JAX with negative spin states of protons HB and Hb» From
Figure 2-6, this occufs only for transitions 3 and 5 which collapse and
overlap transition 4 in the methyl resonance. This will only ocecur if
oy (JE,CHB) is of opposite sign, and Iox (JE,CHB) is of the same sign as
the ring proton couplings. Various other confirming experiments were
also carried out,

In sumary, if JH,HO is positive, the other two ring couplings
are positive. The couplings between the methyl and the ortho and para
ring protons are negative, while the coupling with the meta proton is
positive. The signs of these eoupling constants will be the same for the
various substituted toluemes since it is seen that various ring sube

stituents have almost no effeet on the long-range coupling constants.,




Figure 2-6
The assignment of the transitions obtained
for the methyl proton resonance of Z2=bromo=
S5-chlorotoluene corresponding to the longe
range ring proton - methyl proton coupling
constants, The spin states of the three
ring prctons during each transition are in-
dicated and labelled assuming that J.y (J§9CH3)
and J,y (J§QCH ) are both negative and Ipx
(J§,CH3) is positive. The sign convention
followed is the same as in Figures 2-2a and -
2-lt, The diagram corresponds to the experie

mental spectrum given in Figure 2-5a.
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Series 2

In this series 2,4-disubstituted toluenes were studied,

The long-range and ring proton coupling constants are given in Table
2-1TA and the proton chemical shifts are listed in Table 2-IIB,

A study was carried out to see how long=range coupling con-
stants from the methyl protons te ortho and meta ring protons vary
with a change in the 2 -substituent {ortho to methyl group) while the
L =substituent is the same (NO2 group). The results of this study
are illustrated by the first four compounds listed in Table 2-ITA,

Only one small trend could bs observed, namely that JCX inereases as
the 2-substituent is respectively iodine, bromine and chlorine., This
ﬁariaﬁion is very small and only slightly outside the error limits of
the coupling constants,

A comparison may also be made between the ring=methyl
coupling constants observed for the last two compounds in Table 2-ITA,
In these compounds, the 2-position substituent is the same (chlorine)
while the 4-position has in turn a strong electron withdrawer (NO2
group) and a strong electron donor (NH2 group). The results indicate
that the long-range methyleortho ring proton and methyl-meta ring proten
coupling constants are not affected by the change in the 4-substituent
(para to methyl group). In fact, the long-range coupling constants shown
in Table 2=ITA are equal within experimental error to the respective
values of the coupling constants in Table 2-IA (Series 1). Hence in all
the compounds studied in these two series, the various substituents have

essentially no effect on the long-range coupling constants,
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1, Obtained from an ABC analysis of the ring proten spsetrum with the
methyl group decoupled.

2, All the errors in the coupling constants are standard deviations.

3. The peaks corresponding to proton He are broadened by the two neighe
beuring nitro groups. For this reason JCX-(Jg CH ) could not be ob-
tained from the ring proton splittings but was obtained only from the

splittings of the methyl group.
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Footnotes to Table 2-IIB,

1. The ring proton shifts were determined by an ABC analysis of the spec=
trum with the methyl group decoupled.

2. The sum of the squared deviations in intensities betwsen cobserved and
calculated ABC-ring proton spectra.

3. The ring proten intensity deviations could not be determined. The
quartet corresponding to proton Hc was broadened so that only two

broad peaks were observed.,
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Ser;es 3

In this series only one compound , Z-hydroxy5395mdinitrotoluene
was studied., It was recrystallized twice froﬁ benzene and then studied
in céDé and DMSO-déo
' The proton magnetic resonance spectrum of this compound in
06D6 is completely first order and hence belongs to the AMRX3 systen,
However, the OH(R) proten couples only to ring proten Hyo The long
range coupling constants JAX and JBx were obtained by simple spacing
rules after the OH proton was decoupled to simplify the spectrum of
proton HA‘ The coupling constant JAB was detéfmined'by first order rules
and coupling JH OH(JAR) was obtained from the Spa@ing$ of the OH proton
doublet. Using the magnitudes of JAX and JBX obtained from the ring
proton spectra, the splittings observed for the methyl group were exactly
reproduced. The chemical shifts were also very easily determined by
simple first order rules, All of these results are tabulated in Table
2-11T,

One interesting point must be mentioned absout this study and
that is the very low-field shift of the OH proton resonance in 06D6.
This is due to an intramolecular hydrogen bond of the phenollc OH proton
with the neighbouring oxygen of the nitro group, This will be cone-
sidered further together with the stereospecific long-range J coupling
in the "Discussion',

The shifts and coupling constants for this compound studied
in DMSO=d6 solution are also given in Table 2=IIT., Several changes in

these spectra are observed. Fipst of all, the OH proton rescnance shifts




to high field and no longer couples with any of the ring protons. This
is evidence for a broken intramolecular hydrogen bond and will be dis-
cussed later., The other protons belong to the ABX3 system since the
ring proten spectrum is no longer completely first order. Since the
methyl resonance is at least 300 ¢ps removed from the ring proton re-
sonance and the long=range coupling constants are under 1 cps, the long-
range couplings J and JBX were obtained from the ring proten spectrum
by simple spacing rules, The simple AB analysis was carried out on the
ring proton spectrum assuming the centres of the four quartets. arising
from the long=range couplings correspond to the four AB trensitions, The

methyl proton shift position was taken at the centre of the cbserved

quartet.
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Series 4

The effect of replacing a methyl proton by a chlorine atom
on the long=range coupling constants between the CH2 protens and the
ring protons was studied in this series. The molecule chosen was 3,4
dichlorobenzylchloride. The spectrum that was obtained was of the ABCX2
types The long-range coupling constants to the ortho and meta ring pro-
tons JAX’ JBX and JCX were obtained from the ring préton spectrum by
simple spacing rules. The magnitudes of these couplings were used to
predict the splittings for the CH2C1 group protons and the agreement
was excellent and certainly within the observed experimental errors.

The ring proton spectrum was analyzed with the CHZ protons decoupled at
their resonant frequency., The ABC analysis was carried out as in ser;es
1 and 2. The errors are all standard deviations from the mean. The
results are tabulated in Table 2.IV,

The ecompound ol/9 dés 2,6-tetrachlorotoluens was also studied
as a 5 mole % solution in 032 (degassed with internal TMS as reference),
Since ths éommereially obtained sample was impure, it was vacuum distilled
before being studied. However, only a ﬁery broad peak was obtained for
the ring protons and a decoupling experiment on the CH012 proton could not
be carried out sinece the shift difference betwsen the CHCl2 multiplet and
the ring proton peak is only about & cps. As well, the separate peaks
of the CHCl2 proton multiplet could hardly be resolved. No further
studies were carried out on this compound .

In order that e comparison of the methyl proton shifts in 3,

" b-dichlorobenzylchloride could be made with the methyl proton shift in
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toluens and also the methyl proton shifts in the ring substituted teoluenss,

2

L%,

mole § soluticn of toluene in C3, was studied. This solution was dew

S 2,284

=3

gassed with internal TMS as reference. The methyl proton ghift
# 0.005 ppm to low fisld of TMS. The methyl resensnce consists of many
overlapping lines none of which could be properly resolwved.

From Table 2.1V it is seen that the long=rangs eoupling cone
stants J°

d

corresponding long-range coupling constants in teluenes witheut a none

,CHZCl and Jg;CHzcl decrease by about 0,2 e¢ps when cempared with

proton substituent sn the metﬁyl earbon as studied in series l=3. The
signs of the longerange coupling constants are the same as wers observed
before, Since the signs of the long=range couplings depend on the sign
of C?CCHqg whieh is positive, replacing & proton by a chlowine atem will
have no egf@eﬁ on the sigx of the corvesponding C? value sinee even in

the system Cp =€y = FB” C;)CCFB is pesgitive (107),
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DISCUSSION OF RESULTS
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A, RING PROTON COUPLING CONSTANTS AND METHYL PROTON SHIFTS

Before discussing long-range coupling constants, the ring
proton couplings will be analyzed first of all., By an exact analysis
of the %3C3H satellite speetra, Rea&, Mayo and Goldstein (143) have
carried out a precise determination of the protonl@oupling parameters
in benzene. These were found to be Jﬁgﬁ = T.54, Jg,H = 1,37, and
JE,H = 0,69 cps.. The effects of substituents on the proton=proton coup-
ling constents of monosubstituted benzenes were studied by Castellano
and Sun (144). They found that the vieinal coupling constants befween
the ortho and meta protons (with respect to the substituent; an ortho
ring proton coupling constant) increases as the Pauling eleectronegativity
of that atom of the substituents bonded to the benzens ring increasss,
This was predicted by Cohen and Schaefer (145). Castellano and Sun
also found that of the remaining coupling constants only the ones con-
necting the ortho protons to the other protons in the ring clearly show
definite trends with electronegativity. The most important indication
of this effect was the increase (with an increase in electronegativity)
of the meta ring proton coupling constant between the protons ortho to
the substituent. Their experimental results indicate that as far as
the magnitudes of the coupling constants are concerned, the perturbation
introduced by the substituent attenuates rapidly with distance and is
not appreciable beyond the ortho carbens as is expected for an inductive
effect. As well, by dirsct interpolation of the experimental date, all
three ring proten coupling constents for benzene wers obtained in agree-
ment with the values obtained by Read, Mayo and Goldstein.
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Read and Goldstein (146) in their exact analysis of the proe
ton magnetic rssonance spectra of the monchalobenzenes found that the
effect of the halogen substituents on the ring proton couplings is
small, They also found it significant only in the ease of an ortho
ring proton coupling constant J23 (when the substituent is in the one
position) where one of the protons is next to the substituent, and the
meta ring proton coupling J2,6 where the substituent is located on the
carbon atom between the two carbon atoms to which the coupling protons
are bonded, These coupling constants together with the para couplings
~and the coupling constants found in benzene are given in Table 2.V, |
The electronsgativities of the substituents are also given (147),

The coupling constants that were determined and are given in
Tables 2.I to 2-IV are for molecules that are much more complex. The
benzene ring has at least thres substituents and consequently correlations
between the coupling constants are harder to draw, It is found that in
the compounds studied in series 1 and 2 (Tables 2-IA and 2-IIA) in G,
all the ortho ring proton coupling constants are of magnitude from
8.45 4+ 0,03 to 8.36 + 0.03 cps, hearly'within experimental error limits.,
The one exception is Zachloroubmaminatoluene, with an ortho coupling
constant of 8,08 eps.

Electronegativity is the probable explanation for this smaller
coupling. In 2-chloro=l-nitrotoluene the ortho coupling is 8,39 eps. The
two molecules are identical except that the amino group with an electro-
negativity of 2.91 (148) is replaced by the nitro group with an slectro-
negativity of 3.70 (149), To show the elsctronegativity effect, the

ortho ring proton coupling constants Jg’g of the monosubstituted haloben-
9



TABLE 2=V
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Coupling constants for benzene snd monosubstituted

benzenes abtained by Read and Geldstein (146)s The

substituent is in the lepesitian,

Compourd Substituent Substituent Jg’g Jﬁ’g Jg”g
Electronegativity ® ’ e
(187)
benzene 5} 2,10 76 5leps 1e37eps 0.69cps
iedebenzene I 2660 7693 1.88 017
bromobenzene Br 2,87 8,07 2.08 Q.46
chlorchenzene Ccl 3615 8.15 2024 0,50



Figure 2

Plot of Jﬁ:g (93 ) given in Table 2-V as
a function of the substituent electro-
negativity. The two points indieated by
triangles corrsspond to the ortho coup-
ling constants obssrved in the molecules
2-chloro=li-nitrotoluene and 2-chloro=4-

aminotoluene.
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zZenes given in Table 2.V are plotted as a funetion of the substituent
electronegativity as shown in Figure 2-7. As well, the ortho coupling
constants for the above-mentioned two molecules are plotted in the
figurs and it is seen that they follow the same trend., This correlation
is only approximate., It assumes that only the ortho substituent to one
of the coupling hydrogens has the most important effect on the coupling
(1.6, amino and nitro groups in the two molecules) and that the methyl
group has nearly the same effect as a hydrogen atom,

No correlation is evident for the meta ring proten coupling
constants given in Tables 2.I to 2-IV. The results in Table 2-V suggest
a correlation with the electronegativity of the substituent on the care
bon atom separating the carbon atems bonded to the coupling protons.
Such a relationship was not found in this study, possibly because the
molecules are too varied and polysubstituted, For example, in 2-chlorec-
Yenitrotoluene, the meta coupling is 2@35 cps and the intermediate group
is the nitro group. In 2,4=dinitrotolusne this same coupling is 2,39
cps and one of the coupling protons is surrounded by nitre groups. Yet
in 2-hydroxy-3, 5-dinitrotoluene this same coupling inereases to 2,89 eps
and is solvent dependent. Hence other effects are important, i.s.:
solvents and intramolecular hydrogens bonds.

One minor trend was obtained, however., In series I, comparing
molecules 2=amino=5=chloretoluens and 2=thiomethylaSahydraxy%oluene, the
meta coupling constant increases from 2.47 to 2,82 eps as the intermediate
substituent electronegativity increases. from 3.15 (C1) (147) to 3.43
(OH) (148). This is the only example of this trend in the measured meta

coupling constants.
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Considering now the para ring proton eoupling constants, from
Table 2.V it is seen that this eoupling changes from benzene (0.69 eps)
to 0.50 cps in chlorobenzene and is independent of the substituent
other than hydrogen. In the polysubstituted toluenes under consideration
(series 1-4), this coupling constant has a range of 0.29 to 0,39 eps
and is also essehﬁially independent of the ring substituents.

The conclusion arrived at from spin tickling experiments
that all of the ring proton coupling constants are of the same sign,
pfesumably positive, agrees with earlisr work on substituted benzenes
using spectral analysis (11%-117) and decoupling techniques (118), The
suggestion is that JﬁgH arises from & 0 - T mechanism (56, 70) since
coupling through the 0 ~eleetrons alone is expected to be negligible
(36, 45),

Considering now the methyl prbton shifts, an interesting re-
lationship is found between these shifts and Hammett's o constants for
the ring substituents. The chemical shifts of the methyl protons in
toluenes along with those in acetophenones and thicanisoles have ré=
cently been studied and interpreted by the application of Hammett's
equation (150). Mest of the toluenes studied wers meta or para sube
stituted and Hammett o constants for these substituents are readily
obtainable (151). Hammett's equation is best applied to these systems.
In the polysubstituted toluenes given in Tables 2.I to 2-ITI, an ortho
subsﬁiﬁuent‘to the methyl group is always present and hence the situation
is much more. complicated.,

A simpler and more approximate approach than the previous one

(150) was therefore used in interpreting the methyl proton shifts in




these toluenes, In Table 2.VI are listed the methyl proton shifts
of the poly-substituted toluenes that were studied only in CS2
solution (henece eliminéting solvent shifts), These are taken from
Tables 2<IB and 2-IIB, ' All the Hammett substituent constants aye

also given and were taken from reference (151). Since a generally
reliable set of 0 (ortho) values is not available (150), o (para)

values were used instead (150), The sums of the Hammett substituvent
constants are also ealculated and given in Table 2-VI,.

A plot of the methyl proton shifts as a function of the sum
of Hammett's substituent constants is given in Figurs 2.8, A straight
line may be drawm through seven of the points and there are only two
exceptions. The straight line is in the expected direction. As the sum
becomes more positive (greater electron withdrawing power of the sube'
stituents) the methyl resonance shifts to lower field,

Several approximations have been made in obtaining the above
plot and these probably account for the scatter of the points. First,
the bulk effect of the ortho group on the methyl proton shift is nege
lected, It is assumed that 211 of the substituent effects on the methyl
proton shift are transmitted via the electronic system, This is not
true and for this reason accurate o (ortho) Hammett constants are not
avalleble, Secondly, it was also assumed that the G (ortho) values
may be replaced by the 0 (para) values for the same substituent (150),
Finally, the additivity rule does not necessarily hold (152). However,
despite these approximations, a trend is illustrated by Figure 2.8 in

the expected direction and the surprising faet is that seven out of
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nine methyl shifts are linearly correlated., A moye érecise correlation
of these shifts with other substituent constants or a mope refined
treatment were not attempted since the bulk effect of the ortho group
is hard to estimate. |

Two methyl shifts were far removed from the straight line,
namely for the molecules 2=chloro=t-aminotoluene and for toluene it
self, These results cannot be explained,

In sumary, the low fisld shift of the methyl resonances in
the polysubstituted toluenes is proportional to an increase in the sum
of Hammett's substituent eonstants, As the electron withdrawing power
of the substituents increases, tha‘methyl resonance shifts to lower.
field. Hence most of the substituent effects are tranamitted via ths

slectrons of the moleeule and affect the shielding of the methyl protons.



1)
2)
»
)
5)
6)
7)
8)

9)

TABLE 2.VI
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The methyl proton chemical shifts of the polysubstituted toluenes studied

in series 1 and 2 (Tables 2-IB and 2-IIB) 4n CS2

solution are given below.

The shifts are in ppm with respect to internal TMS, The Hammett constants

for the ring substituents are listede

molecule is also given.

The sumbof these constants for each

: %
Compound Shift (ppm) Bammett Substituent Constants
0 (orthe) o (meta 0 (para Sum

.- 2=bromno=>5-= 2,313+ + 0,232 + 0,373 wosomas + 0,605
chlorotoluens 0,005

2eamino=5- 2,025 - 0,66 + 06373 cmmeeee - 0,29
chlorotoluene '

2=thiomethyle5= 2;215 0,00 + 0,121 mmmame + 0,121
hydroxytolusne
2,4=dinitro 2,72k 0778 cmemmee 40,778 41,556
toluene _ ,
2‘?i°d°-h’u | 2 @ 52!4’ + O @ 276 L0 0 D D D T G5 + Q * ??8 + l e 0514’
nitrotoluene ’

Z-brOmO-lﬁa 29497 + o ® 232 D D O DR & + 0 e 778 + 3 e 010
nitrotoluene :

zachlaro-ll-- 2 elg"?s b o e 227 S@mammmoe <+ O ® 778 <4 } ;s 005
nitrotoluene

2;(211101‘0«4@- 2,16’4’ + 0022? @ @ = 0966 £ 0¢1+3
aminotoluene

T@luéne 2@2814' 0»00 0000 0000 0.00

* Obtained from reference (151),

In a1l cases o (para) values are

used for o (ortho) Ter the same substituent (150).



Figure 2-8
A plot of the ﬁethyl proton shift of
polysubstituted tolusnes as a funetion
of the sum of Hammett's substituent cone
stants. The shifts are in ppm to low
field of internal TMS and were all deter-

mined in CS_ at 28,5 + 1°C, The data are

2
listed in Tablse 2-VI,
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B. LONG-RANGE COUPLING CONSTANTS
St et L N CONSTANTS

The signs found for the ring-methyl proton couplings are in
agreement with the 0 - 7 exchange mechanism, The simple molecular or-
bital caleulation (36, 57) of the ¢ = m interaction as given by equation
(2 = 34) predicts negative values for J;,CH and J§,CH (as was found
experimentally) but Jg,CH = 0. These results are supgorted by the data
on acenaphthene (57). However, the more refined caleulations (56, 70)
predict JS,CH to be positive, This result is supported by the present
results, and ghose of Gagnaire and Trinh-Huu-Ich (72) and Blears, Danyluk
and Schaefer (77).

Cohen and McLauchlan (71) came to a similap conclusion from
the proton spectrum of charbomethoxy=5,6mdimethy1benzofuran but their
argument was based on the magnitude of J?,CH only. The signs obtained
here agree with those found in methylfurans znd methylthiophenes (153,
154). The sign reversal of the coupling to the para proton when the
methyl group replaces a hydrogen is also in agreement with a valence bond
calculation by Karplus (45),

Equations (2 = 33) and (2 - 34) for caleulating the magnitudes
and signs of the long=range coupling constants are based on 8+Ser. hyper-
fine splittings which in turn depend on the unpaired electron spin density
at the proton. In aromatic radicals the unpaired electron occupies s
molecular T - orbital delocalized over the carbon atom framework of the
molecule with a node in the plane of the molecule where the ring hydrogen

atoms are situated (3)s Hence at first an unpaired electron spin density

is unexpected at the proton, It does arise however, dué to the spin
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polarization of the o - electrons in the CeH bond by an exchange
coupling with the T - electron system (the g = 7 exchange mechanism)
(3.

Consider an isolated :;5-H bond fragment with one m - electron,
It occupies the 2p, carbon orbital, perpendicular to the plane of the
three sp2 bonds as shown in Figure 2-9a. The arrows over the bonds
indicate the spin states of the electrons while those above the hydrogen
nuclei indicate the proton spin states (these arrows are orossed).

For a given spin of the T - electron there are two possible
arrangements of the electrons in the CeH g - bond, In Figure 2-9a
these are labelléd 1 and 2, In the first case the electron in the
carbon 5p2 orbital has its spin parallel to the spin of the T = electron
and in the second case it is antiparallel, However, according to Hund's
rule the first case is slightly preferred over the second because of
the favourable 0 = 1 exchange interaction.between the two carbon electrons
with parallel spins. In this manner the electron spins in the ¢ - bond
are slightly polarized. Hence if the unpaired T - electron has a spin
v/ » there will be a slight excess of earbon sp2 electrons in the ol
spin state and then a slight excess of 1s electrons (centered on the
proton) in the ﬁg spin state (Pauli prinéiple ). These will determine
the proton spin state via the Fermi contact interaction., The spin
polarization mechanism is thus responsible for the unpaired electron
spin density at the proton and hence the observed hyperfine splittings,

Consider the T - electron contribution to the ring proton
coupling constants in benzene arising from the spin-polarization mechane

ism. This is illustrated in Figure 2-9b, Assuming that the spin state



Figure 2-9

(a) The ¢ = T exchange interaction for a C-H
bond fragment. (b) The 7 <slectron contrie
bution to the ring proton coupling constants
in benzene arising from the spin polarization
mechanism,

The arrows above the hydrogen nuclei indicate
the spin states of the protons (these arrows
are crossed) while those above the bonds in-
dicate the spin states of the electrons which

take part in the coupling mechanism,
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of proton one is as indicated in the Figure by the erossed arrow,
the spin state of the neighbouring 1s electron will be antiparallel
to it and is transmitted via the Feymi contact interaction, This
electron spin polarizes the spin of the second electron in the earbon
sp2 orbital used to form the aromatic C=H bond and is antiparallel
in accordance with the Pauli principle. Then follows the G « T 8X=
change coupling by which the sp2 electron spin couples with the 17
=electron spin centered on the same carbon, At this point in the
O - 7 mechanism the 7 —electrons transmit the spin state of proton one
all around the ring,

Consider the ortho coupling to proton two. The spin state
of T <electron one polarizes the spin of T -electron two and the latter
spin couples back into the o -electron system, The spin state of the
sz bonding electron on carbon two is thus determined. As before, the
electron coupling proceeds along the aromatic C-H bond and finally the
spin of the 1ls electron centered on proton two determines the spin state
of proton two via the Fermi contact interaction. This completes the
coupling path between protons one and two. From Figure 2-9b the pre=
ferential orientation of the spin states of these two protons is antie-
parallel., Since a positive coupling constant is one in which the Coup=
ling proton spins have a tendency toward this orientation, the g = m
mechanism thus contributes to a positive coupling constant between the
ortho ring protons. As seen in the Figure the 0 - T contribution is
negative and positive for the meta and para ring proton coupling con-

stants respectively.




The coupling mechanism via the ¢ -electrons only is important
for the ortho and meta ring proton couplings. However, the para coupling
constant is dominated by the ¢ = T mechanism and the experimentally
determined sign of this coupling is in agreement with the above theory.

When the ring proton is replaced by a methyl group the hyper-
fine splitting arising from the methyl proton spins occurs via three
mechanisms namely; spin polarization of the ¢ -electrons by the unpaired
T =electron spin density, hyperconjugation due to the m -orbitals, and
inductive effects with the latter two being the most important.

In toluene the inductive effect of the methyl group is a
direct electrostatic interaction which modifies the electric potential
in the ring (155) since the methyl group has a tendency to release

electrons, This is usually designated as
CH
3

and C, becomes more electropositive, However, there is assumed to be no
actual transfer of charge between the methyl group and the ring.
According to the hyperconjugation mechanism the pseudo T =0r-
bitals of the methyl group combine with the ring T -oribtals, hence
allowing for a direct flow of electrons from the methyl group to the
ring (155). This mechanism is illustrated in Figure 2-10a. The hydrogen
orbitals thus are a part of the T -orbital system and the proton spins
interact (via the Fermi contact interaction) directly with the unpaired
spin polarization. This mechanism predicts the observed signs for the

ring-methyl proton coupling constants.




Figure 2«10

(a) The hyperconjugation mechanism in toluene
with a direet overlap of T —orbitals permitting
the flow of unpaired spin. (b) The spin polari-
zation mechanism of thej}ﬂ’-C-H group in toluene.
The principal mechanism 1 is nearly three times as
large but of opposite sign to the minor mechanism
2 (155).

The minor spin polarization mechanism 2 and the
hyperconjugation mechanism predict the observed

signs of the long-range coupling constants,
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There are two possible spin polarization mechanisms between
the unpaired electron spin in the aromatic carbon 2pz orbital and
the methyl proton spins, These are illustrated in Figure 2-10b. The
principal mechanism involves a direct exchange polarization of the
methyl C-H bond electrons by the ring electron. The minor mechanism
involves a series of two successive exchange polarizations through the
.C=C bond. Since all four methyl carbon Sp3 hybrid electrons are in
degenerate energy levels, then according to Hund's rule all will tend
to have parallel spins. The minor mechanism will proceed as shown in
Figure 2-10b. The magnitude of the principal mechanism is nearly three
times that of the minor mechanism and they lead to opposite signs of the
hyperfine interactions (155),

By comparing the diagrams in Figure (2-10) it is seen that the
minor spin polarization mechanism, as well as hyperconjugation, predict
the observed signs of the ring-methyl proton couplings i.e., from the
methyl protons to the ortho, meta and para ring protons the long=range
coupling constants are negative, positive and negative respectively.

The principal spin polarization mechanism predicts opposite signs for
these coupling constants,

Colpa and de Boer (96) found on the basis of @.5.r. data that
the spin polarization mechanisms account for only about 3% of the observed
hyperfine splittings in pyracene positive and negative ions and other
aromatic systems. They conclude that the splittings arise mainly by
hyperconjugation. However there may be a flaw in their caleulations
(155)s As well, McDowell and Paulus (97) found that the inductive effect




of the methyl group was most effective in predieting the methyl hyper-
fine splittings in some substituted pyrazine radical anions, Consequently
the signs of the long=range ring proton-methyl proton coupling constants
in the toluenes under coﬁsideration may be determined by a combination

of these mechanisms,

From the results showm in Tables 2-IA and 2-TTA, it is seen
that the magnitudes of the long=rangs coupling constants do not depend
on the substituents in the various positions in the ring nor on the
solvent (156). Equation (2 - 34) depends on many factors, namely,

CQCH and CPCCH’ bond order and the excitation energy to triplet states,
Since the substituents have no effect on long-range couplings, this
implies that their effect is either negligible or that their effects on
the various variables in equation (2 « 34) cancel each other out,

The Jg,CHB values range from =0,66+ 0.03 to =0.75+ 0,03 eps,
the Jy oy from +0.32+ 0,03 to 40,424 0.03 cps and Jg,cﬁ from -0,56+
0.03 to =0.59+ 0,03 cps. Rottendorf and Sternhell (79) have studied
the long-range coupling constants in the three isomeric tetrachloroto-
luenes whose magnitudes are all within the experimeﬁtal error limits
giﬁen above,

Only two exceptions to these long=range coupling constants
were observed, J;,CH increases in Z=hydroxy=3, 5-dinitrotoluens to
=0:87+ 0.02 ¢ps (in 0636) and <0.85+ 0,02 eps (in DMSOmdé), (Table 2-ITI),
As well both J°

H
the above values in 3, 4=dichlorobenzylchloride (Table 2-IV), These will

o
and J decrease by approximately 0.2 eps from
»CH,CL H, CH,C1 Y app Y P

now be discussed,

Consider 2=hydroxy=3, 5-dinitrotoluene which exhibits several
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interesting features. First of all there is a large difference in shift
of approximately 5 ppm for the phenolic hydroxyl proton resonance in going
from benzene to dimethylsulfoxide as solvent. The low-field shift in
benzene indicates that a strong hydrogen bond is present (1) between the
hydroxyl proton and the oxygen of the neighbouring nitro group (157).
Associated with the low-field resonance is the presence of long-range
spin coupling between the hydroxyl proton and ring proton HAo It has
been known for some time (118, 142, 157) that substituted phenols
capable of forming strong intramolecular hydrogen bonds may display a
long-range coupling between the hydroxyl protons and at least one ring
proton. These couplings have been mainly observed in phenols with
intramolecular hydrogen bonds which stabilize the proton in a rigid cone
figuration and reduce the rate of intermolecular proton exchange (142),
The long-range hydroxyl spin couplings are also stereospecific (63, 118,
142, 157) as are the léng-range aldehyde couplings in substituted ben-
zaldehydes (63, 157, 158) i.e., the couplings follow the straightest
zig-zag path betﬁeen the coupling protons, This evidence argues for a
strong intramolecular hydrogen bond in benzene solution,

In dimethylsulfoxide not only is the hydroxyl proton resonance
shifted to higher field, but the long-range coupling with ring proton HA
disappears. This indicates that the intramolecular hydrogen bond is
now broken,

The magnitude of Jg cpp. T =087+ 0.02 cps is the largest yet
¢
3
observed in heteroatom substituted toluenes besides the same magnitude
of this coupling observed in the compound 4=chloro-2-fluoro-5Snitrotoluens

(77). It is tempting to attribute the magnitude of this coupling to an
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increase in double bond character (79-82) of the ortho C=C bond induced

to a considerable extent by resonance structures of the form

20N N Lo py
"

However, as has recently been deseribed by Blears, Danyluk and Schaefer
(83) so many other effects enter in equation (2 ~ 34) that variations

in coupling constants can only be related to variations in bond order
provided consideration of the substituent induced changes in the other
parameters in equation (2 - 34) is included. These include the effects
of the methyl group on the T =electron systems (94-102) and the various
effects on the magnitudes of CQ cg and C; cog 2° discussed in the Intro-

duction. Hence the large Jg CH in this molecule may arise from many
]

contributions, ’

In benzene solution this moleculs exists as a pseudo-two ring
system due to the presence of the intramolecular hydrogen bond., 1In DMso
solution this bond is broken but the long=range coupling Jg,CHB remains
unchanged. This is evidence in support of the above resonance structure
which is present in both solutions. This result therefors supports the
conclusion that the magnitude of Jg,CHB arises from an increase in the
mobile bond order.

Considering the molecule 3,4-dichlorobenzylchloride, the deecrease
of both JE,CHZCl and JE,CHZCI by apprbximately 0.2 cps from the average

values observed for Iy CH couplings is hard to account for Quantitatively,
?
3




Qualitatively however, the presence of the chlorine atom on the methyl
carbon in this molecule will have several effects, A comparison will be
drawm with toluene and it is assumed that ring substituents have almost

no effect on the magnitude of long~range couplings,
L. Steric hindrance to rotation

As discussed in the "Introduction" the barrier height to rota-
tion in toluene is nearly zero as in benzotrifluSride (159). However
the magnitude of J;,CFB changes with temperature and X=substituent in
2aF, Owl asymmetrically substituted benzotrifluorides (89, 160). This
is explained by the existence of two different retational conformations
of the CF3 group and the ring substituents, Anélogous isomers for 2,6
disubstituted toluenes have as yet not bsen studied (89)e For the molew
cule under consideration, the &~fold symmetyry of the votaticnal potential
funetion of toluene is reduced and the barrier to hindered rotation ine
creases. The potential barrier is not known. However it may be estimated
from a comparison with the values observed for this barrier in propylens
and the monosubstituted propylenes (620 - 2671 cal[mole)'as'sumﬁarized'
by Unlénd, Welss and Flygare (92) and the value ofA3560 cal/mole in ethyl
chloride (161), Steric hindrance to rotation is further supported by
the fact that restricted rotation about an sp2 - sp3_C-C bond (no double
bond character) has recently been observed (162) in the molecule dimtmﬁutylg

p=methoxyphenyl carbinol in whieh +he substituent grou§ ((CH3

- \ LAWY
)3 0;2 ? OH
is very large.

The decrease in the longerange eoupling eonstants in allyl
chloride with respect to the magnitude of these constants in propene

itself has also been interpreted in terms of different rotamer populations
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(163). For propene the long-range coupling constant with the cis
protons is =1.7 cps and 1.3 cps with the trans protons (164). 1In
allyl chloride these couplings become ~1.38 eps and =0.93 cps respec.-
tively (163), a decrease on the average of 0.35 cps.

Hindered rotation will alsoc affect the magnitude of CQCCH
in going from the C'=CH3 to the C'»CHz-Cl grouping. CQ ccH is a funetion
of the angle ¥ between the C'=C-H plane and the axis of the p,
orbital on the trigonal carbon atom C! (76, 165) and will be different

in the two molecules.
2. Electronic effects

The presence of the chlorine atom on the methyl carbon will
have an effect on the three mechanisms by which the unpaired electron
spin density is transmitted to the CH,Cl protons. The hyperconjugative

effect of the methyl group in toluene is often expressed as
CHg CH, H& CHy,  H+

D= Q1

In benzylchloride the chlorine atom with a greater electronegativity as

compared to a hydrogen atom will have an effset on the above mechanism,
The amount of overlap between the pseudo T -orbitals of the methyl group
and the ring 7 =electrons, which determines the extent of hyperconjugation,
will now change due to the pressnce of rotational isomers. The chlorine
atom will also tend to counteract the electron releasing inductive effect

of the methyl group. The spin polarization mechanism may also be affectede




And, as seen from the rate determining step of the solvolysis of

benzylchloride (166)

. +
@-ma—cv > @wa ci—

a positive charge is placed on the methylene carbon atom which is trans-

ferred to ths ortho and para ring carborn atoms by the resonance structures

All of these effects will influence the unpaired eleetron spin

density at ﬁhé methy1ene proton and-hence will determine the magnitude of
the long-range coupling constants, For example, from the results chtained
by Read and Goldstein (146) and tabulated in Table 2.V, JE,H = 0,69 cps

in benzene and drops drastically to 0,50 eps in chlorobenzens,

3. Sumary

In summary, negleéting ring-substituent effects, the decreass
in the long-range coupling constants in the molecule under consideration
as compared with the magnitudes of these couplings observed in ring=-only
substituted toluenes may arise from several effects. The first considera-
tion is steric hindrance to rotation and hence the presence of several
rotational conformers, A similar effect has been observed in the long=
range couplings in allyl chloride which are about 0.35 cps smaller than
those observed in propene, Secondly, the induetive, spin polarization

and hyperconjugative effects of the CH3 group, which determine the



magnitudes of the long-range couplings, will be affected in going to
the CH2C1 group. Finally there may be a3 change in hybridization of the

methyl carbon due to the chlorine atom (167). These effects cannot be

estimated quantitatively at present.
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C. COMPARISON WITH THE LONG-RANGE COUPLING IN ORTHO-XYLENE

A comparison will now be dpawn between the magnitudes of the
long-range coupling constants under consideration and those in the molew
cule ortho-xylene. Very little splitting is observed for the ring pro-
tons in this moleeule and the ring proton internal shift is very small
and nearly zero. The ring proton 7~ value of ortho=xylene in C5, is
3.07 ppm with a peak width at half height of 0,66+ 0.02 cps. When the
methyl protons are decoupled the peak width decreases to 0,37+ 0.02 cps
(168), This agrees with the calculated T -electron densities which are
nearly equivalent at the four carbon atoms bonded to hydrogen (169),

The shift of the ring protons in gggggaxylene must be nearly
the same since even at 200 Me/s the ring proton spectrum is not analyzable
as seen from a comparison with thé ring proton spectra of toluene and
meta-xylene at this frequency (170). The latter two molecules show alw
most identical shifts for protons ortho and para to the substituents and
thess shifts are to higher field than the meta shifts, In ggggguxylene
those protons which are meta to one methyl are also either ortho or para
to the other methyl group so that if ortho or para effects.outweigh meta
offects sufficiently strongly, the small chemical shift between the ring
protons is to be expected. The 0.66 cps width at half-height of the ring
proton resonance at 60 Me is no doubt s combination of a small chemical
shift together with extra broadening due to coupling with the-methyl
protons. The long-range splitting from the methyl protons to the ring
protons corresponds to Jg,CH + JE,CHB which is very small because of

3
2

the opposite signs of these coupling constants,




De QTHER CONSIDERATIONS

In conclusion, severasl points remain that wers not answered in
the above discussion. First, the simple moleoular orbital approsch (36)
. m
predicts that g
H,CH3
that were studied, Therefore, a more sephisticated approach (56) should

should be zerc but it is present in all the melseules

be applied. Second, Jg,H drops from benzene to a monssubstituted bensene
from 0.69 to 0,50 cps and ranges from 0,29 %o 0,39 eps in the Polysibe
stituted toluenes that have been analyzed in this study. However, in these
same telusnes the J§QCHQ values range from 0,56 to =0.59 cps, If the

only effeet of the CHE greup were to replace the proton and chgﬁge the

sign of the longerange coupling, then JggH should have a larger magnitude,
Henee the larges value @f.J§gCH3 a5 compared with JE,H

explained but probably arises from tha many other =ffacts of the methyl

cannot be readily

greaﬁvaﬁd“th@ other sthstituents pressnt in the substituted benzenes and
toluenes and their effect on the parameters present in equation (2 = 34y,
&s discussed in the "Introduction', Finally a spin polarization mechanism
(minor) plus a hyperconjugative effect may ba'important in determining

the magnitudes of longerange couplings since they both operate in the same

direstion,
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SUMMARY AND CONCLUSIONS




Tickling and decoupling techniques show that J° . B
and J§ q have the same sign in 2-bromo-5-chlorotoluene and are positive
?
since Jg " is known to be positive. Decoupling experiments also
14
show that J2 and J° are negative and that JO is positive,
H,CH3 H,CH3 H.CH3

The signs of the long-range couplings and Jg g &¥e in agreement with
3

the 0 - T exchange mechanism and the theoretical basis developed by
MecConnell (36, 56). Various other polysubstituted toluenes were
studied and it was found that substituents have a very small effect

on the magnitudes of the long-range coupling constants., They are

also independent of the solvent. The Jg.CHB values range from ~0.66+
0,03 to -0.75+ 0.03 cps, the JE’CH from +0.324 0.03 to +0.42+ 0,03 cps
and Jgs ci, from -0.56+ 0.03 to =o.§9io.o3 eps.

In the moleculs 2-hydroxy-3, 5-dinitrotoluene the observed
coupling Jg.CHB is «0.86+ 0,02 eps. it is independent of the solvent,
The large magnitude of this coupling may be attributed to an increase in
the mobile bond order of the ortho C-C bond induced by a quinoid resonanece
structure,

In the molecule 3,4=dichlorobenzylehloride the magnitudes of

o m
JH,CHZCI and JH,CHZCI decrease by about 0.2 cps from the values given

above. A quantitative estimate of this effect was not obtained. Quali-
tatively however, steric hindrance to rotation and consequently the
presence of several rotational conformers will have an effect. A com-
parison may be drawn with the decrease of about 0.35 cps in the long-
range couplings in allyl chloride as compared with propene. As well,
the inductive, spin polarization and hyperconjugative mechanisms of

transferring unpaired electron spin density to the methyl protons change
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in going from the CH3 to the CHZCl group. The hybridization state of
the methyl carbon will probably also vary,

The ortho ring proton coupling constants J;,H of the sube
stituted toluenes range from +3.08+ 0.03 to +8.53+ 0.03 eps. They

correlate with the electronegativities of the heteroatoms substituted

m
ortho to one of the coupling protons. The Ig,H values range from

+2.164 0.03 to +2.89+ 0.03 cps, and Jf . from +0.294+ 0.03 to 0.39+

4
0.03 cps and show no trends with substituent effects. As well a rough
correlation is observed between the methyl proton shifts and the sum

of Hammett's constants for the ring substituents,
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RECOMMENDATIONS FOR FUTURE RESEARCH




The signs of the longerange coupling constants have now
been determined between the methyl protons and ring protons in substituted
toluenes, between the methyl protons and fluorine nuclei in fluorotoluene
derivatives, between the side chain fluorine nuclei and ring protons, in
benzotrifluorides. To complete the series, the signs of the couplings
must still be determined between the side-chain fluorine nuclei and the
ring-substituted fluorine nuclei in fluorobenzotrifluorides, These
signs are predicted to be the same as observed between the methyl protons
and ring fluorine nuclei in fluorotoluene derivatives,

The long-range coupling constants between the methyl protons
and ring protons should also be studied in naphthalene derivatives such
as 2-methyl-l-nitronaphthalene, hobroﬁoalemethylnaphthalene and others,
The effect of substituents could be studied. As ﬁell, the magnitudes
and signs of thess couplihg constants could be compared with those cal-
culated by McConnell (56) for naphthalene. It would be interesting to
compare the two sets of data,

The work of Dewar and Fahey (57) on acenaphthene should be
repeated. It was carried out in 1963 and since then better stability
and resolution has been obtained for n.m.r. spectrometers. Maybe now
Jg,CHZ can be resolved. This would add further support to McConnell's
(56) valence bond treatment of the m contribution to coupling constants,

The longerange couplings in the molecule 2=hydroxy-5=nitro-
toluene, which does not form an intramolecular hydrogen bond, should be
determined and compared with the corresponding values in 2=hydroxy-3,
S5-dinitrotoluene. As well, methyl-substituted benzoquinones and other

methyl-substituted compounds with a contributing quinoid structure should
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be studied to see how well the long=range couplings correlate with the
mobile bond order. This ean be extended to determine the effect of a
nitrogen nucleus on long-range coupling constants in methyl-substituted
pyridines and quinolines.,

Finally, systems similar to the above but with a phosphorus
atom present should be studied and the signs of the coupling with the
phosphorus nucleus determined. This may prove to be important in bio-
logical compounds where phosphorus linkages are very important,

Recently Ohtsuru, Tori and Watanabe (171) have discussed a
connection between the methyl substituent effect upon the chemical shifts
of ortho-protons and the 1 -bond orders in 22 aromatic systems. The long-
range couplings were not studied but all the Tv =bond orders were caleculated.
Since various aromatic systems were considered, it would be interesting
to study some of the molecules further to supplement the data on cor
relations between long=range couplings and bond orders.

When long-range coupling constants are determined, the solutions
that are studied must always be degassed., This was not always done in the
early work and consequently broadened peaks instead of fine splittings
were often obtained dus to the broadening effect of the paramagnetic oxygen

molecules. For highest precision, degassing is a must.
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CHAPTER TIIT

A PROTON MAGNETIC RESONANCE STUDY OF THE INTRAMOLECULAR

HYDROGEN BOND, OF PROTON EXCHANGE REACTIONS,

AND OF THE ASSOCTATED ACTIVATTION PARAMETERS TN

22.5=DICHLOROSALICYLALDEHYDE TN BENZENE SOLUTION




INTRODUCTION
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P .

Proten magnatic resonancs teshrnig ques have bsen used extensively’
in the study of chemisal rate - processes in solution. These include proton
exchangs rsactions, hindered internal rotation and eonformational- studigs,
The research project under censider ation is concerned with the
application of pemer. to the study of the intramslecular hydregen bond
and proton exchangs resetions in 3s 5=dichlor rosalicylaldshyde in benzene
solutions. This system was chosen beczuse the ring proton spectrum was
simplified by the presence of two chlore substituents, because of the
presence of the longerange splitiing.JOHaH <JOH=HB} and because proton

sxchangs occurred in this solvent., The r@sulxs of studies in other sele

i

vents are alse indicated, This system is especially interesting since
very few studiss have been sarried @at on proton exchange reactions invelve
ing intramelecularly hydrogen=bonded protons,.

The theeretical basis of rate studies based on the Defle™,

technigue is discussed first, followed by the varieus methods by which

=
o
&

the rats constants may be derived frem the analysis of the spectrs,
spproach chosen in this study invelves the measurament of the relative

3,

heights of peaks that are associzted with an exchanging proton with rese
peet to peak heights invelving non-exchanging protens, This methed was
used when it was discevered that the stereospecifie long-range splitting
JOH»HQ (J Ol HB) becane smaller and disappesred as the temperature of the
solution was raised. The iwo ehloro substituents simplify the ring proton
spectrun and allow line-shspe msasurements 4o be carrised out.

The reiatﬁonshi s belween the wroten exehange rate constants
¥l O

and the associated setivation parameters are obtained by an applicstion
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of the Arrhenius equation and ‘the theory of absolute reaction rates,

These parameters are detsrmined and the effects of statistieal and sys-
tematie errors are considered, The activation parameters, ?a%e‘eonsﬁants,
the mechawism of proton axehange together with the nature of thes transitien
state are discussed in terms of the intremolacular hydraéeﬁ bond strengih,
solvent effects and barriers te hindered internal rotation of the CHD

and OH groups, Solvent effests on the proton ehemical'shifts are inter

preted in terms of a weak soluts-solvent interastien,




THEORETTICAL DISCUSSION
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Ae SPIN-LATTICE RELAXATION TIME

1. Introduction

-
3

For an assenbly of nuclei of spin 3 in thermal equibibrium
at temperature T in a magnetic field H, there'are two energy levels, the
lower one being more ﬁopulated. Transitions betwsen these levels occur
by the absorption of energy from a radiation field. The energy is given
by

3=l AE = hy = Z/U-Ho
where A E 1s the separation between the two energy levels, h is Planck's
constant, VY is the frequency of the radiation, H0 is the external magnstic
field an%//bL is the maximum observable component of the nuclear magnetic
moment. The Boltzmann distribution between the two energy levels ié

3-2 Eg = exp (mzéif Ho) g 1. %Zf o

N kT - kT
1

where N, and Nl are the number of nuclei in the high and the low energy
levels respectively, k is the Boltzmann constent and T is the absolute
temperature. The excess population of hydrogen nuclei in a field Ho of
10,000 gauss is 7 x 107C (1, 2).

The rate at which nuelei reach thermal equilibrium in a mag-
netic field must alse be considered. For an NaMere absorption to occur
there must be an excess of nuclear spins in the lower state. Consequently
the processes by which the spins return to the lower level after exe
citation and thus maintain the equilibrium Boltzmann distribution are
very important and will now be discussed,

The probability of spontaneous emission is negligible (3).
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Another mechanism depends on the downward transitions stimulated by
magnetic fields oscillating at the Larmor frequency. This is known
as the spin=lattice relaxation process and is characterized by a spine
lattice relaxation time Ty

Let Wy and W, represent the upward and downward transition
probabilities. At equilibrium the total number of upward transitions
per unit time are equal to the corresponding number of downward trans-

itions so that

3=3 Wl = WZNZ.

Hence

3=4 Moo Voo ey (BuH)
W, Ny kT

Writing W for the mean of Wi and WQ, N for the number of nuclei per unit
volume in excess in the lower energy state at any time %, and Neq for

the value of N at thermal equilibrium, it may be shown that (1)

=2t
e

3=5 N -Neq = (N = Neg )o

where (N-Neq) is the initial value of (N-Neq). The time T, is defined

by

3-6 T. = g-__ s
L5

Hence the difference between the excess population and its equilibrium
value is reduced by a factor e after time T+ This is the spin-lattice
relaxation time, a measure of the rate at which the spin system comes
into thermal equilibrium with the other degrees of freedom of the

lattice,
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2. Mechanisms of Spin=-Lattice Relaxation

The spin-lattice relaxation mechanism can be thought of in
terms very similar to those of the radiation-induced transitions forming
the basis of h.m,r. spectroscopy. A fluctvating magnetic field induces
transitions between spin states when the field has an appreciable come
ponent of frequency )To, the Larmor precession frequency. Thus the
extent of spin-lattice interaction depends upon the magnitude of loecal
fields and the rates of fluctuation of these fields (1).

The most universal mechanism for spin=lattice relaxation
involves the direct interaction of neighbouring magnetic dipoles (1),
As the nuclear spins move relative to one another in the lattice
fluctuating magnetie fields are produced which may, depending on the
frequency, induce transitions of the spins in the moleecule. On this
basis energy can be transferred to the spin system from the transla-
tional and rotational degrees of freedom of the "lattice'. The theory
for this mechanism has been developed by Bloembergen, Purcell and
Pound (&) who considered the influence of rotational, translational and
vibrational motions of molecules in a liquid upen relaxation tihes.

Several other important mechanisms have been discussed (1)
and can be summarized. Paramagnetic impurities in solution cause a
decrease in relaxation times due to the interaction of the nuclear and
unpaired electron spins, Secondly, in molecules where the chemical
shielding is not isotropic, the secondary magnetic field arising from
electronic currents will not generally be parallsl to the applied
field. A component of this field will therefors be present in the

perpendicular direction which due to molecular rotation will oscillate
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and may cause transitions to occur. This relaxation mechanism is depen-
dent on the magnitude of HO. Finally for nuclei with I > %, interactions
bstween quadrupole moments and fluctuating electric field gradients will

also decrease Tl.
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Bo  SPIN=SPIN RELAXATTON TIME

When magnetic nuclei are placed in an external magnetic
field Hy (normally chosen in the Z direction) the angular momentum
vectors (IA) precess about this direction, The resonance condition
is given by

3-7 Y, = ¥H,

where Q% is the angular frequenéy of précession (in radiansvper second)
and ¥ is the magnetogyric ratio:, TIn this manner the field q, produces
a polarization of the muclear magnetism along the 7 direction,

For protons with two possible spin states the axis of Pre=
cession is either in the positive or negative 2 direction, Arising
from the unequal distribution of Spins among these two states a result-
ant macroseopic magnetic moment per unit volume is produced in the
direction of Hye For all the spinning nuelei the phase of the rotating
vectors in the x-y plane will be random in the absence of s rotating
magnetie field at the Larmor frequency. Thus the resultant magnetization
in this plane is zero, A radiofrequency, applied rerpendicular to q,
at the resonance frequency Qf » aligns the individual veetors and
thus produees a resultant magnetization in the xay plane (35),

Any process causing the interruption of phase coherence of the
X=y magrietization is associated with a characteristic exponent. (—-ﬁ
where 12 is the spinespin relaxation time (1, 5)s This is the seiénd
proeess of nuclear magnetic relaxation and arises from inhomogeneous
megnetic fields, local field variations in the sample due to the other

miclear magnetic dipeles nearby, and sxchangs processes (5).
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Co FACTORS AFFECTING LINE WIDTHS OF NMR SIGNALS

Equation (3 = 1) predicts absorption only at the resonance
frequency V . Experimentally this would correspond to an infinitely
sharp absorption peak, However, in practice resonance occurs over a
range of frequencies and the lines are broadened, For this reason a
dine-shape function g (V¥ ) has been introduced (1).

The numbsr of nuclei with a‘r@sonance frequency betwesn Y
and Y+ dV 1is given by

3-8 v = N g (V)av
where N, is the total number of nuclei and the function g (V), which
is proportional to the abggrptien at frequency ¥V, is such that

3=9 g (V)dVy = 1

(o)
It is a normaligzed function and hes a finite value over a rangs of
frequenciss,
some of the factors causing line broadening and hence affecting

g. (V) are now considered (1).

1) Natural line width dus to spontaneous emission.

The natural line width of any transition is determined by the
finite lifetime of the nucleus in the upper state. Pureell (3) has shown
that the probability of Spontaneous emission is negligible and is not
effective in bringing a spin system into thermal equilibrium with the

lattice. Hence it has little effect on line widths of n.m.r. signals,
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2) Line widths due to spin-lattice relaxation.,

The spin=lattice relaxation process determines the lifetimes
of both spin states of a nucleus. Line broadening occurs as a natural
consequence of the uncertainty principle

3=10 VAR VAN AEA

where AE = hAY . The uncertainty in the frequency of absorption

is ZHiSt » Hence the line width, measured on a frequency scale in

the absence of other broadening mechanisms is of the order of fl_°
1

For nuclei with I > § electric quadrupole effects lead to

smaller Tl values than, for example, the Tl observed for protons in a

liguid,

3) Line broadening due to spin=spin relaxation,

In solids and highly viscous liqﬁids the interaction of
magnetic dipoles leads to a greater broadening than that givén by the
spin-lattice mechanism. [Each nucleus feels the effect of a variety of
local magnetie fields due to these neighbouring magnetic dipoles and
-consequently T, is very small. For this reason NeMe¥. Signals of
solids are much broader than those of liquids and gases where rapid
molecular motions tend to average local fields to zero.

Since g (Y ) is a normalized funetion its maximum value is
an inverse measure of its width, Hence_T2 is defined as

3-11 T, = %L g(V)lmax,
and decreases as spin-spin interactions increase, T2 is important for

solid state studies but in liquids and gases T, and T2 are nearly equal.
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4) Broadening due to magnetic field inhomogeneity,

When a sample is placed in an inhomogeneous magnetic field,
molecules in different parts of the sample see different values of the
main magnetic field, Thus this instrumental limitation leads to line

broadening.

5) Proton exchange reactions and hindered rotation.
Proton exchange reactions oceurring in solution and con-
formational equilibria affect line widths and the relaxation times,

These will be discussed in Section B,
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De THE BLOCH FORMULATION

Bloch (6) has studied the resultant macroscopic magnetic

moment of the nuclei within a sample under investigation. It is a
change of orientation of this macroscopic moment with time due to the
radiofrequency field gi which causes the observed n.m.r. signal. BRloch
used a set of macroscopic or phenomenological equations to deséribe this
motion (1, 6).

Assume that thermal equilibrium between the nuclear moments

and their surrounding atoms has been established in an external magnetic

field H . Then
: =0
3-12 o= 2H

where M is the resultant magnetic moment per unit volume of an assembly
of identical nuclei in the field direction and/xfis the nuclear para-

magnetic susceptibility. It is given by the relationship

2
3 = 1
3-13 / n /?m(l + 1)

whefe n is the nmuber of nuclei per unit volume, T is the equilibrium
temperature and I is the nuclear spin. Equation (3 = 13) has been
previously derived (2).

The equations of interest give the time-variation of He
These are obtained from the classical equations of motion of a single
magnetic momsnf/é§ in a fisld H, by summing them over the whole assembly
of nuclei.

A magnetic moment in the field H, experiences a couple

(/éé-x Eb) equal to the raté of change of angular momentum P



- F T AT L
But

3=15 E o= /g_c%)_(
Henece

3-16 % = v Cuex B,

This result is extended to balk material by summing equation (3 - 16)
over all the nuclei per wnit volume so that

3-17 a

o = Y (HExH)
3 -
where
3-18 i o= (MX’ M M)

In the neme.r, experiment a radiofrequency field gl is applied per-

and rotates with an angular frequency - (J  with

pendicularly to H,
components,

319 ' H, = Hl coslJt
3=20 %Y = ”Hl sin WJ%

For equation (3 - 17) to be valid all the external magnetic fields acting
on the nuclei must be ineluded in the cross product. Hsnce the components
of the external field in the x and y directions are given by the ahove
two equations. Since the steady magnetiec Tield H, is chosen in the 2

direction

3-21 B, = H

Expanding equation (3 - 17)

3-22 A = v i ik
dt 1 W

M_ MooN,
H H H




so that
3-23 9_1;% = Y (U, - M,H,)

3-24 f{c“if% = =y (LA, -1 1)
3-25 fg% = Y G H - HH)

In the absence of gl‘ these equations reduce to (HX = Hy = 0)

326 T o= o
dt ey
3=27 dM - . &foM
at x
3-28 a4 2
dt
where &j; = ¥ Hz is the angulapr frequency of Larmor precession

(resonance condition)., The solution of these equations predicts that
the total moment I will precess about the 7 direction with the Larmor
frequency (1),

Eqﬁations (3 = 23) to (3 - 25) do not allow for relaxation
effects. It is known (6) that Mz approaches an equilibrium value MO

due to spinelattice relaxation. The equatior for this process is (6)

3=29 cﬂviz = - (M =)
dt 7
1

with the stationary solution MZ =jMo. Bloch refers to T, as the

i

longitudinal relaxation time since it measures the rate of change of

the component of magnetization along the direction of the main magnetie
field H ,
—-o

The ﬁx and My components of M also decay to zero but dus to
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spin-spin interactions. Bloch calls the time constant Ty for this decay

. process the transverse relaxation time since it governs the time de-

pendence of the transverse magnetization components i, and My so that

3-30 Wy ooy
dt ',F-
2
and
3-31 i
7 o= = H
“a%‘ ""'"'z o
, T2

Hence, substituting equations (3-19) and (3-20) and allowing for
relaxation effects in the Bleoch equations (3=23) to (3=25), the complete

Bloch squations are

332 My o vy o+ ow Hy sin@t) - i
“at ¥z 2 —=ie
Ty
3-33 di N .
“"é‘% - ¥ (Mzhl eosS Wt = MXHZ) %l
Ty
3=34 dﬁz =y (=M Hl sinWt = M Hl coswt) - M - M
“at x 4 --f..0 -

Ty
These differential equations are simplified by tfansforming them
to a set of axes rotating with angular velocity - W about the 7 axis,
As well, Bloch replaces My and M_ by u and v defined as

3=35 u = M coswt - My sind*t

X

3=36 Vv =-M_ sin@t - M coswt
X i
The Bloch equations, in terms of u, v and M,s and referred to the rotating

axes become (1)

3=37 %%+l§;+(%=w)v=o
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3-38 %g + %L - (W, =) us v Hy i, =0
2
3=39 i .
"'a"% + IlZGMO - YHlv =O

The term AW = &Jg = (J corresponds to the separation between the
irradiation frequency (W {(also the angular velocity of the rotating {frame
of reference) and the resonance frequency Cd;o

The steady state solutions are obtained by setfing all time
derivatives equal to zero since the equilibrium magnetizations u, v and
M, remain constant in the rotating frame, The solutions are given by
Bloch (6) and have been surmarized (1), A }éggfggggg function from these
solutions may also be obtained which confirms the equivalence of the two

definitions of Tze
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B. EFFECT OF EXCHANGE UPON SIGNAL LINE WIDTHS

Le Introducﬁibﬁ

NeMeRe spectra may be modified if the nuclei take part in
various rate processes such as proton exchange, intramolecular rearrangée-
ment and internal rotation., Coalescence of separate signals occurs when
exchange rates reach a critical value. Since the rate of the process is
inversely proportional to the decrease in separatién between the signals
that are collapsing, n.n.r, techniques can be used to study chemical
exchange reactions with exchange rates of the order of 1 to 104 sec.al.
The beauty and power of this technique in measuring fast exchange reéctions
arises from the fact that it gives data on the chemical kinetics while
the measured system is in chemical equilibrium and indicates directly
the species that are exchanging.

One basic requirement must be met before NeMs¥e. can be used to

- study exchange reactions: +the exchanging muclei must have different
magnetic enviromments and consequently different Larmor precession
frequencies, Hence if no exchange is observed between these nuclei or

if the process is slow, separate signals are observed, When the process
is accelerated, by raising the temperature for example, then eventually
the rate of exchange beocomes sufficiently rapid so that a single resonance
line appears at an intermediate position. This applies to chemical shifts
as well as to the averaging of spin-spin ~mltiplets,

Exchange can be considered to be a transverse relaxation process
since the exchanged nuelei will be out of phase with the other nuclei in
the same enviromment. It thus decreases the transverse relaxation time
and consequently increases the width of the signals arising from the

exchanging nuclei. - fxchange between nuclei in the same enviromments has
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no effect upon the signal width because the nuclei have the same
precessional frequencies before and after exchange.

Consider the exchange process between nuclei in two non-
equivalent sites with no coupling betwsen them. For slow exchange rates
the line widths of the two peaks first broaden. As the rate inereases
the signals broaden further and move closer together until they collapse
to a single peak which becomes sharper for fast exchange rates. Hence
for slow rates of exchange the increase in line width is directly pPro=
portional to the rate whersas in the fast.sxchange region the signal
width is inversely proportional to the rate. This is a consequence of
the uncertainty principle as given by equation (3 = 10).

The literature dealing with the study of time dependent factors
influencing signal shape, namely, exchange reactions, hindered internal
rotation, chemical equilibria and conformational studies is enormous and
has been discussed and summarized in several monographs (7, 8) and review

articles (5, 9-11).

2s Theorstical Formulations

The first evaluation of a guantitative relation between reversible
chemical exchange reactions and resonance lineshapes is based on the treate-
ment suggested by Gutowsky, MeCall and Slichter (12=14), known as the @S

approach., These authors modified the Bloch equations to account for

chemical exchange between two sites A and B with different Larmor frequencies

between which a nucleus X of spin % could exchange. A simpler approach

was suggested by MeComnell (15) and will be followed here.



Consider the simplest rate process which can be studied by Nelle¥as,
namely the collapse of & doublet into a singlet due to the exchange of
two uncoupled protons in two nonequivalent enviromments. This involves
the chemical shift difference between these two protons. MeConnell
modified the Bloch equations and his approach is valid assuming the
axchange process meets the following requirements (5):

(a) A nucleus in site 4 or B changes its site in a very short time
compared to its lifetime in state A or state B; i.e. ﬁVA or‘Téo

(b) The relaxation times T, and T, for nuclei in sites A and B sre
independent of the lifetimes ﬁz and Té,

(e) Gfg andcré are pseudo first-order lifetimes and hence corraspond
to the reciprocals of the first order rate constants for transfer out of
the respective sites, This arises since MeConnell's equations require
that the X nuclear magnitizations of the A and B systems relax indew
p%nd@nily of one another, except for the chemiecal eXchange effects,

McConnell's medified Bloech equations are not given here. They
are given in his original paper (15) and the above-mentioned monographs
and reviews (5, 7-10), Only the solutions of these equations are con-
sidered. First of all however, an important definition is made for the
purposes of this thesis., There is little uniformity in the definition
of the exchange lifetime parameter 2T in the literature. Tt is here

defined as

1

340 1,1
W%

i

so that
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@

3=41

For a simple two-site exchange, =

time of the nucleus Jumping to site B,
of the sites are

3=k2 Py = @l i
Ty * 73

where p; = 1= p
For an equal population cage

3=43 2T = ?k = 5
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7' is the probability per unit
A

Then the relative populations

pB:_:TB
Ta * 15

and corresponds to the average lifetime of a nucleus in either site. 1In

other words,

nucleus,

and corresponds to the T as defined by GMS (12),

Takeda and Stejskal (16),

references and their definitions of 27,

29 is the average lifetime betwsen exchanges of any one

This definition of 29" is that given by Gutowsky and Holm (14)

MeComnell (15) and

Allerhand et al (17) list the various literature

The solutions of the modified Rloch equations for different ex.

change rates and under slow passage condltlons are now discussed following

reference (7).

A) Slow exchange limit:=

If lifetimes TK and W% are suffieiently long compared to the

inverse of the separation between the two sites,

observed,

can be studied.

measured is the signal width at half hsight (18),

then two signals are

Hence the variation in line widths of separated resonances

Experimentally the variable which is most conveniently

By an application of




E_.I
\n
=

the line-shape equation, the line width at half height (in eps) AW’%

is equal to (18)

3t aVy = 1
2 mT
2
so that
3-45 maVvy =Ll =1 4+ 1 .

o T Ty

TZA is the value of the spin-spin relaxation time in site A which may be
obtained»from the line widths of the exchanging peak at low temperatures
(very slow exchange rate) or from a sharp signal arising from a standard
reference (5). Since an actual line width is limited by magnet inhomce

geneities, this equation is valid only if the signal has Lorentzian line
shape and will be applicable when the resolution is good and Hy is small
(no saturation).

B) Intermediate exchange rates:e

This is the region of 29 values wherse the peaks overlap and
coélesce. Thres main methods exist for treating spectral dats to obtain
the lifetimes in this region (5). The lineshape functionmay be generated
and compared with experiment (14), This procedure adapts itself readil:
to computer techniques. The second appreach is also due to Gutowsky and
Holm (14) who studied the decreass in the separation betwsen the two
psaks and compared it with the shift in the absence‘of exchange., Under
the conditions of equal populations and lifetimses (pA =P = %4 ?A =
Ty = 27) and large transverse relaxation times (l-w = 1 = O) the rate

Taa T
of collapse of a doublet as a result of exchange is approximately given

by (7, 14)
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tafi

346 Separation of peaks _ 1- 1
. 2
Separation of peaks for large ?A = Té ZHZT“ (‘VAa YB)Z

This equation applies to the case where the signal widths in the absence
of exchange are small compared with their separation. The critical life-

time (27) at coalescence is

b7 27 = V2
m ( VA- V—gy

where ( VA - 'yé) is the frequency difference (cps) between the A and B
sites.

When TZA and TZB must be accounted for, then thess two equations
are not applicable and detailed equations must be applied (1%, 16). Finally,
the third approach consists of measuring the exact intensity ratio between
two maxima and the intermediate minimum before collapse as applied by
Rogers and Woodbrey (19). This method is very sensitive to non-ideal
spectrometer conditions. The most accurate method in this region is the

generation of the line shape and direct comparison with experiment (5).

C) Fast exchange limit:-

When 7k and ?b are small the single averaged resonance, broadened
by exchange, decreases in half-width until the value AXV% given by
equation (3 =45) is reached in the limit of fast exchange., For very short
lifetimes the signal is centered on a mean frequency

3-48 W = pA (.JA‘*"pB (JBO

mean
In the region where significant lifetime broadening occurs the

linewidth can be used to measure the rates of exchange as has been done

by Meiboom et al (20, 21),
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3s Collapse of Spin-Spin Multiplets

The above results can easily be extended to include the collapse
of spin multiplets arising from the interruption of spin-spin coupling
between two nuelei by a chemical exchange reaction or hindered internal
rotation. The important requirement is that the NemMe¥e Spectrum must be
first order, i.e.: JAB K 6AB (10). Arnold (22) showed that in pure
dry ethanol the -OH proton was split into a triplet by spin=spin inter
action with the'methylene group. This corresponds to the slow sxchange
1limit and the resonance was shown to collapse into a singlet corresponding
to fast exchange on addition of acid, By comparing theorstically derived
line shapes calculated using an 2 priori value of the mean lifetime of a
proton involved in the exchange ?eaction’with sxperimental line shapes,

2 value of the exchange rate was derived.

The collapse of spin multiplets due to proton exchange has been
used by Berger, Loaweﬁstein and Meiboom (23) and by Takeda and Stejskal
(16) to study the rate of protolysis of Nemethylacetamide in aqueous .
solutions of various pH. The latter authors developed a theoretical
treatment for analyzing the effect of exchange on a spinespin doublet,
Based on the work of Gutowsky, MeCall and Slichter (12) they evaluate
the mean lifetime 27 of a proton involved in an exchange reaction. From
their equations, 27 is related to the frequency separation dw between
the two peaks in a spin-spin doublet produced by the exchanging proton
for slow rates, to the width of the observed signal at helf maximum 6 QJ%
under conditions of fairly rapid exchange where a broad doublet is obe

served and, under rapid exchange conditions, to the ratio I/Io, where T



is the maximum amplitude of the observed singlet and I the expected
maximum amplitude for T = 0,

All of these equations have been developed in full detail from
the Bloch equations by Blears (24), .Two possible processes must be dise
tinguished. The first inecludes hindered rotation and conformational
studies in which every rotation is effective in collapsing the multiplets,
The second involves a chemical exchange reaction associated with a bonde
breaking-bond-making proecess., In this case, for example for a proton

exchange process between two equally populated sites, any exchange has a
50% chance of changing the enviromment of the nucleus since an incoming
proton has equal probability of being in the same spin state or in the
opposite spin state as the outgoing proton on the same site.  Hence

3=k9 kchem. exchange = 2krota‘tion = 2k

where k, theipseudo first-order rate constant is

3=50 k= 1 = 1 = 1 (ssc™l)

[ I R
for T, = Ty = 2T,

In practice ki i.:+5,, 15 caleulated, from which kchem. exchange

can easily be obtained for those cases involving a proton chemicsl exchange

rather than internal rotation. The solutions of the modified Bloch equa-

tions for different rates as diseussed earlier and by Takeda and Stejskal

(16) and Blears (24) are in #erms of k This procedure will also

rotation®
be followed in this thesis. Taking this into account, the equation for

fast rates of rotation involving the ratio I/IO is (16, 24)

3-51 =(%-+ji)

Sm—cs

I
o 2 1
(:E- +}5+%)
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wheyrs
3=52 Q = T, 8w = 2MT,J
3=53 b= W o= 20 .

k k
T2 is the spinespin relaxation time of the nuclei under observation:

6 U is the magnitude of the spin-spin interaction (or chemical shift)
in angular frequency‘units in the absence of exchange; and J is the
magnituds of this coupling in eps.

To obtain k for a fast exchange reactioniusing equation (3 = 51)
it is necessary to know Ty and J. T, is obtained using equation (3 - 44)
by measuring psak width at half height when 29" = 0 or from some unaffected
portion of the spectrum. J is obtained from the spectrun when 27 = oo
(no exchange). I is measured at the various temperatures under considera-
tion and compared with I, which is obtained either from the spectrum when
2T = G or fram another peak unaffected by exchange having an intensity
simply related to L.

The GMS equations have also been extended to the exchangs broad-
ening of a quadruplet (25) and a triplet (26), Tables of calculated line=
shapes of exchange broadensd n.m.r. multiplets as a funetion of the
-exchange rate of the interacting nuclei have been compiled (27) and a
comparison with the experimental lineshapes yields approximate rate

constants.

Lo Applications and Other Methods of Measuring Exchange Rates

Proton magnetic resonance hag been used by various workers to

study exchange reactions based on the above principles, A summary of

the iiterature dealing with exchange reactions in agueous and alecoholic
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sclutions up until 1964 is given by Reynolds and Schasfer (28). They
studied proton exchange reactions of substituted anilines in trifluore
acetic acid by measuring the acid proton signal width, Blears (24)
obtained theoretical values of the rate constant k using the various
equations relating k to the line shapes based on two-site exchange with
equal populations. From his computerized caleulations k ean be evaluated
for a given set of conditions using any of the above methods,

Most of the work on exchange reactions has bheen discussed in the
two most recent review articles (5, 9). Some more recent studies include
the application of the coupling JN15 a (29), a study of the protolysis
kinetics of glycine (30), and a study of proton exchange involving ion
pairs of ammonium salts in t-butyl alcohol (31=33). NoMeRs has shown that
the hydroxyl proton exchange rate in methanol is enhanced appreciably by
the presence of oxygen (34)., The amnonia-amide proton exchange kineties
in liquid ammonia have also besn studied (35)s Recent papers on internal
rotation and conformation studies include a consecutive inversion process
at two nitrogens (36), the ring inversion in cyclohexaneadll (37) and
rates of internal rotation around carbonyl-to=nitrogen bonds in various
benzamides (38).,

There have been other approaches to the exchange problem, Piette
and Anderson (39) obtained a general equation for exchange between many
sites. Quantum mechanical treatments, fast passage, spin-echo, and double

resonance methods have now been used by many workers (5, 9).
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F., DETERMINATION OF RATE CONSTANTS AWD ACTIVATION PARAMETERS

The pseudo first order rate constant k for an exchange rsaction

is given by equation (3 - 50)
1 =l
3=50 k = §§.(sec e
The activation snergy E.'A for the reaction is obtained from the

Arrhenius equation (40)
=5, .
3=k k = Aexp (__A)
: RT
where A is the frequency factor. B, is therefore obtained from a plot

of log k versus ie The slope of the line is equal to °EA and the
« T R : T

2,303R
intercept is log A.

Enthalpies of activation AsHé at any temperature T are obtained

from EA values. The two thermodynamic vaprisbles are relatsd by

3=55 EA == é&Hé + RT

The free energy of activation A G?é is calenlated from the theory

of absolute reaction rates (40)

#
ka - AlGT
3,56 k = )K"'}';;" SXp ( RT )
so that
4 3&ka
3-57 AGp = 2.303RT log ( )
kh
or
. 4 i -
3.:;58 AGT = ZoSOBRT (lOﬁBZ - log 'E)o

The transmission cosfficient ¥ is taken as one and represents the probability
that the activated complex formed between reactants will decompose to form
preducts rather than reactants. kB is the Boltzmann constant and h is

Planck's constant.
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The entropy of activation oS’ is obtained from

3-59 ack = aE 1ast.

From these equations all the activation parameters can in
principle be obtained once the rate constant k is determined from the
line=shape equations of the NeMore Spectrum. The reliability of these
parameters depends on the accuracy of the measured k at various temp-
eratures,

The quantitative measurements of rates and their temperature
dependence are subject to systematic errors (9)., First of all the linew
shape theories assume that the parameters which describe a spectrum in
ths slow exchange limit can be used to calculate spectra for any exchange
rate. However, these parameters often do change with concentration and
temperature, The second shortcoming is the narrow temperature range over
which the rates usually occur.

Recently (17) the systematic errors which arise in the measurement
of exchange rates were analyzed. They were classified into two groups;
mathematical and eiperimental. Mathematical problems arise when the
actual system studied is treated in terms of an oversimplified theoretiecal
model or when the model is adequate but a simplified equation is used
beyond its region of accuracy (when various approximations do not hold).
The experimental errors arise from instrumental instabilities, calibration
errors and other spectral distortions., These include temperature drifts,
frequency changes, magnetic field drifts, and variations in spinning rates,

The presence of systematic errors and the fact that several of the

kinetic methods are applicable only over small temperature ranges is most




avident in the enthalpy and entropy of activation obtained from the
temperature dependence of a rate process, For exampls, values of 7 to
2l keal/mole have been obtained for the barrier to the hindered internal
rotation of N,N - dimethylformamide (17). The rate constants and therew
fore the free energies of activation agree quite well. On the basis of
their analysis Allerhand et al (17) find that the desirable method of
dstermining exchange rates from n.m.r. spectra is by using computerized,
complete line-shape fitting methods which do not neglect spectral com-
plications unless their effects are less than other inaccuraciss in the
rates,

Another system which has beenvwid@ly studied is the ring.inversion
of cyclohexans., The agreement between thesz% values obtained by carrying
out different nem.r. kinetic experiments is good. Howsver ﬁheAQH% values
range from 9.0 to 11.5 kecal/mole and A Sé from =65 to+4,9 e.u. (37).
Working with cyclohexaneadll and decoupling the deuterium nuclei, Anet and
Bourn (37) obtained kinetic parameters for this process using both linew
shape analysis and double resonance techniques., Agreement between both
methods was very good, The magnitude of.AG% (10.22 keal/mole) is in
agreement with previous determinations but the values of A H# (10.8
kcal/mole) and .45.5?é (2.8 eous), while agreeing with other high resolution
work, did not agree with spine-echo measurements (41). These authors
therefore conclude that since two methods give the same set of kinetic
parameters, systematic srrors must be responsible for the measurements
using spineecho techniques. From their results the advantages of line-

shape analysis and the application of more than one method of obtaining



rate constants are seen, The error in & E is decreased since nea sure=
ments over a larger temperature range are now possible,

Activation pzrameters obtained by line-shape measurements were
recently compared (38) and agree with those determined by equilibration
methods in the study of internal rotation around carbonyl-to-nitrogen
bonds,

Allerhand et al (17) did not study the systematic errors involved
in determining the rate constant k as a funetion of the ratio % in
equation (3 = 51). Blears (24) did and found that immediately 2fter coal-
escence and as the rapid limit is approached, the rate constants assume
limiting values and are most reliable in the intermediate region, In this
equation the magnitude of the doublet splitting J observed at low temp-
eratures should always equal the splitting at infinitely slow exchange.
This may not be true when there is overlap between the two peaks or when
the observed "infinitely slow exchange™ separation is not the true value.
(24). Blears found that overlap effects and the incorrect selection of the
splitting are not tco important. This was also found in the system under

consideration and will be discussed in the "Discussion of Results" section,
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G THE TNTRAMOLECULAR HYDROGEN BOND TN 3 5=DICHLOROSALICYLALDEHYDE

1. Hydrogen Bonding

Under certain conditions an atom of hydrogen is attracted by rather
strong ferces to two atoms instead of only to one. It thus acts as a bond
between them. This bond is called the hydrogen bond (42), These atoms
may be located on the same or on different molecules. In the former case
the hydrogen bond is intramolecular while.in the latter it is an inter-
molecular hydrogen bond,

A detailed treatment of the general subject of hydrogen bonds is
given in the book by Pimentsl and MeClellan (43). Pauling (42) gives a
general treatment, A Symposium (44) has been held on this subject and
Jaffe (45) discusses the differences in energies between intra- and
intermolecular hydrogen bomise

Hydrogen bonds have been studied and detected using many techa
niques (43) with praton magnetic resonance (p.m.v.) and infrared SpeCa=
troscopy best suited for carrying out these studies, A shift is observed
in the vibrational Spectra arising from hydrogen bond formation as measured
in the infrared region (43). In proton magnetic resonance 2 low-field
shift is observsd for a proton between the unassociated and associasted
states, the only exceptions being conneeted with association with aromatic
molecules (46). The pem.r. studies of the hydrogen bond have been re-
viewed (46-48),

There are two main interpretations of the lowefisld Deliers shiflt
on hydrogen bond (XH...Y) formation (46, 49-51):

1. A contribution %o the proton screening (always negative) arises from
P i g




the distortion of the electronic structure of the chemical bond X-H in
which the proton participates,

2. A negative (or positive) contribution to the proton screening will
arise due to any magnetic anisotropy of the molecule Y to which the
proton is hydrogen bonded. The first effect is predominant (46),

Reliable values of the thermodynamic funetions of hydrogen bonds

are derived from the equilibrium constant X (since an hydrogen bond is
formed in an equilibrium reaction, the thermodynamie equations are
applicable) and its variation with temperature (52). Of the various
experimental techniques of determining K, the infrared method is probably
the most useful (52). A tabulation of A Heand A S values on hydrogen
bond formation is given in Appendix B of reference (43). The data in-
dicate that the enthalpies of formation of the O=Heoeoo0 intermolecular
hydrogen bonds in binary solutions range mostly from 3.5 t0 «5,0 keal.
per mole of hydrogen bond, with the largest number lying between 4,0

and <4,5 keal, per mole (52)s This does not ineclude carboxylic acids
which have enthalpies ranging from <6.5 to =7.5 keal. per mole of hydrogen
bond.

Employing infrared, pem.r. and elsctronic spectroscopy, hydrogen
bonding between various donors and acceptors has recently been investigated
(53). The relations between A Hy, AG, the OH stretching frequency shifts
upon complexation ZXVbH, and other parameters were discussed. The above
1imits on O=Heeee0 bond strengths were extended and the effects of acidity
of the acceptor and the basicity of the donor on the thermodynamics of
hydrogen bonding were investigated.

In pemers the difference in the shift between a non=associated and



166

an associated state, or the hydrogen-bonded shift, is taken as a measure

of the hydrogen bond energy (46)., For intermolecularly hydrogen-bonded
substances, dilution or an increase in the temperature decrease this shift
difference. This has been interpreted in terms of the dissociation of

the hydrogen bonds (46). Howsver calculations (54) have shown that 2

large part of the observed temperature variation of the hydrogen=bonded
shift may fegult from changes in the effective length of the He..0 bond.
These in turn arise from the anharmonicity and low frequency of the hydrogen
bond stretching vibration. Hence temperature variations of the shift may
not arise exclusively from hydrogen bond breaking (54).

In the infrared the OH stretching frequency shift upon complex

formation 43V5H is also related to the strengths of the hydrogen bond (43).
A linear relationship was established (55) between the enthalpy o H of
the hydrogen=bond interaction of phenol with a series of bases and AhYbHo
The existence of such a relationship has now been verified theoretically
(56)s A similar relationship between the phenolic OH perm.r. shift and AH
has also been observed (57) for phenol-base systems under conditions of
complete association in methylene chloride solvent. The phenol=base
hydrogen=bonding interactions have - A H magnitudes ranging from 3 to

10 keal. per mole of hydrogen bond.

2. The Intramolecular Hydrogen Bond

Pimentel and MeClellan (58) distinguish between intra- and inter-

molecular hydrogen bonds. The former form only under specific stringent

spatial conditions and their formation does not create molecular assoeiation,
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For intermolecular hydrogen bond formation, thers are no spatial
restrictions and most of the changes in physical properties are a

direct result of association, The intramolecular hydrogen bonds generally
oceur in 5=, 6-, or 7-atom rings,

The compound under considerstion im this thesis is 3y 5=dichloro-

salicylaldehyde (4). H\\C4A3511
1
0
Ha
A
Cl l Cl
Hg

lost of the literaturs is concernsd with the hydrog@h bond in salieyl-
aldehyde and related ortho-substituted phenols. The molecule under con-
sideration was chosen because the two chloro substituents greatly simplify
the ring-proton spectrum. This allows an accurate determination of
relative peak heights which are required when the exchange ratss are com-
puted using equation ( 3 = 51), The intramolecular hydrogen bond in
salicylaldehyde will first be considered, compared with the hydrogen bond
in other ortho-substituted phencls, and then the effect of the two chloro
substituents will be discussed,

The existence of the strong, intramolecular hydrogen bond in
salicylaldehyde is confirmed by evidence from many sources, many of which
are sunmarized in reference (58)., It melts at 266°K whereas parahydroxy-
benzaldehyde (with an intermoleculay hydrogen bond) melts at 388°K. A
frequency shift in the ultraviolet and infrared regions, an increase in
the rates of several reactions, a low=field Peflere hydroxyl proton shift,

a decrease in the viscosity, all with respect to parahydroxybenzaldehyde,




Support the presence of this bond (58, and refersnces therein). Several
recent studies of this bond besides §¢merg and infrared spectroscopy include
dipole measurements in benzene, para xylene and dioxane (59=61). The
results indicate that the hydroxyl group in salicylaldehyde is still
strongly intramolecularly‘hydrogen bonded even when these solvents ape
present in solution. This results in spite of the fact that the hydroxyl
proton is capable of forming an intermolecular bond with dioxane and with
the T -electron cloud of the aromatic ring. Infrared data for methyl
salicylate (intfamolecularly hydrogen bonded) in dioxane and carbon tetrach-
loride confirmed that the intramolecular hydrogen bonds are sufficiently
strong to resist fission in dioxane (59), Dipole moment msasurements (62)
on salicylaldehyde in b@nzene are consistent with the intramolecular
hydrogen bond as are photoreactions in benzene solution (63),

Most of the svidence is obtained using pem.r, and infrared
techniques and the results from both methods are very often correlated.
As well, the intramolecular hydrogen bonds in salicylaldehyde and related
orthonsubstituted phenols, especially cfthoahalophenols are very often
compared. These studies have been carried out by many workers (42, 43,
50, 64-95), |

Pauling (42) swmarizes spectroscopic evidence showing that the
bond in salicylaldehyde is strong and compares it with the hydrogen bond
in orthochlorophenol. In carbon tetrachloride solution the latter mole-
cules are present in both the eis and trans configurations of the hydroxyl
group with respsct to the chlorine substituent. The cis form outnumbers
- the tfans because of the stabilizing influence of the weak intramolecular

OHsessCl interaction. In salicylaldehyde only the eis configuration is

present.,



The C = O bond stretching frequency Yo 1n the infrared decreases
from 1709 cm"l in benzaldehyde to 1669 cm™t in salicylaldehyde (in carbon
tetrachloride solution) (70) due to the formation of the intramolecular
bond. Similarly the OH stretching frequency ‘VbH decreases from 3611 cm"l
in phenol (monomer) (66, 74, 90) to 3150 em“l in salicylaldehyde (70, 80),
The VbH frequencies are approximate since these bands are very broad,
However, there is some disagreement over the Y

0
dehyde (3255 cm"l in earbon tetrachloride) (90),

u frequency in salieylale

The pem.r. shift of the phenolic proton in the latter molecule,
due to the deshielding effect of the C = 0 group, occurs at very low field -
approximately 10.9 pepem. to low field of TMS (also in carbon tetraéhloride)
(80, 87)e As well, substituted phenols capable of forming strong intra-
molecular hydrogen bonds may exhibit a long=range coupling between»the
hydroxyl and one ring proton (9% and references therein)s The hydrogen
bond is required in order to reduce the rate of intermol@cular proton
exchange (94) but mainly to hold the proton in the correct steric cone-
figuration since the long-range hydroxyl spin couplings are stereospscific
and follow the "straightest zig=zag path" (96), The same stereospscificity
is observed in the long-range aldehyde couplings in substituted benzalde=
hydes (79, 93, 96, 97). In salicylaldehyde, with the ~CHO group in the
l-position, the =CHO proton couples to the ring proton in the S-pesition,
whereas the =OH proton couples with the ring proton in the 4eposition,
These steréospecific long»range couplings occur over five bonds and are
positive (93, 94).

The hydrogen bond in salieylaldehyde (B) is stabilized by resonance

structures of the form (C) and (D) (84)., All of these form a sterically




favourable 6= membered rings
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The aifect of the chlorine atoms on the hydrogem;boﬁd stré&gth

in 3,5qdiehlorcsalieylaldeﬁyde will now be considersd, Nagakura (98)

found that for intermolecular reactions of phenol and orthoe, meta- and
parachlorophencl with methyl acetate in n=heptaene, substituiion of a
chlorine atom for s hydrogen atom increases the proton=donating power of
phenol (exception orthochlorophencl) due to the inductive effect of the
chlorine atom, Based on the acid dissociation eonstants'of the isomeric
chlorosalicylaldehydes in water, the intramolecular bond was weakened least
by chlorine substitution in the 3~-position and most in the S5=position (88),
This was supported by the hydroxyl proton shifts (88). However Nyquist
(84) studied the 0H out of plane deformation fundamental XOH and the OH
stretching frequency-'VbH in the infrared of 5mchlorosalicylaldehyde and
salicylaldehyde. Both of these frequencies are related to the strength of
the intramolecular hydrogen bond, However, the YBH values indicate a
slight inerease in this bond strength going from salicylaldehyde to 5-
chlorosalicylaldehyde whersas the XOH frequencies indicate a small decrease
(84). These results indicate that a 5-chloroesubstituent does have an
effect on the hydrogen bond strength but that it must he small,

This is substantiated by the study of the substituent effects on



the intramolecular hydrogen bond in 2<hydroxyacetophenone, In this
molecule the hydrogen bond is stronger than in salicylaldehyds as seen
by the low frequencies "VbH (3025 cmal) and Vbo (lé@ﬁ“cm"l) in earbon
tetrachloride solution (70), This assumes that the decrease in these
stretching frequencies with respect to those observed in salieylaldehyde
.corresponds to an inerease in bond strength, possibly due to the electron
relea51ng properties of the methyl group as compared to a hydrogen atom,
The XOH frequency also supports the inereased bondlstrength;(84),

Considering now a substituent effect, Yoshida and Haruta (99, 100)
find that in 5=substituted-Zahydroxyacetoéhenones, the strength of the
hydrogen bond increases with an increase in the electron withdrawing
properties of the substituent. However the ‘XOH frequency indicates that
the bond strength decreases slightly in going to 5=chlero-2-hydroxyaceto=
phenone (84),

The strength of the hydrogen bond has not been determined in 3,5~
dichlorosalicylaldehyde, From the above evidence it is diffiecult to say
whether the bond strength will increase or decrease relative to that of
salicylaldehyde by the addition of two chloro substituents, However,

their effect is expected to be small.

3. Intermolecular Proton Exchange

Forsen and Hoffman (101) have applied the techniques of nuclear
magnetic double resonance to the study of proton exchange rates in a
mixture of salicylaldehyde and 2-hydroxyacetophenone (5¢65: 1 ratio) in

CSps catalyzing the exchange with a trace of acetic acid. The lifetimes

of the protons in these two molecules are 1l.53 and 2,17 seconds res-




psctively, This was an exploratory study to test the principles of the
above method, seo that these lifetimes are subject to error.
Before an intramolecularly-bonded proton may exchange with a site

on another molescule, the hydrogen bond must first be broken. Again consider
salicylaldehyde. This may occur by twisting either the -OH group, or the
=CHO group, or both out of the plane of the benzsne ring. Studies of
benzaldehyde have revealed evidence of a barrier to internal rotation about
the C=CHO bond, presumabiy because it has partial double bond character
(102), This also supports evidence in favour of a planar benzaldehyde
moleculs. Anet and Ahmad (102) have determined the free energy of activation
43@# for this hindered rotation to be 7.9 keal/mole (2t =123°C). Various
para=substituted benzaldéhyﬁ@s have also been studied (102, 103). The
internal rotation of the -OH group about the C=0 bond in phenol is also
hindered because of conjugation effscts with the. ring 7 -electrons and the
censequent partial double bond character of the C=0 bond. Evans (104)

has estimated the 2-fold barrier to rotation by infrared to be 3.4 koaly

mole whereas microwave data indicates it is 3.3 keal/mole (105).,
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NATURE OF THE PROBLEM




In the study of the longwrange eoupling constant betwsen the
phenelic proton and ring proton Hy, (hereafter referrsd to 355%;) in
3, 5=dichlorosalicylaldehyde, it was found that by inereasing the temp-
erature of a solution of this compound the magnitude of the splitting
decreased. By increasing the temperature still further, this splitting
could bé eliminated altogether,

Sinee the longerange coupling is asseciated with the intra-
molecular hydrogen bond and will disappear when this bond is broken,
temperature studies were therefore carried out to study this hydrogen
bend and associated proten exchange reactions further, From the data,
proton exchange rate constants and thermodynamic aetivation parameters

wers obtained,




EXPERIMEN TAL METHODS
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A. COMPQUNDS

The compound 3,5mdichl@fcsalicyl&ldehyde was cbtainsd from
Frinton Laboratories and was recrystallized from benzene before uss,

For some confirmatory experiments it was alse reerystallized from carbon
tetrachloride and ether. S5=chlorosalieylaldehyde was cbtained froﬁ
Eastman Organic Chemicals and was reerystallized twice from benzane, The
compound 3,5«dibramosalicylaldehyde, from Aldrieh Chemieal Co., was used
without further purification,

The seolvents acetone, acetonitrile, benzene, earbon disulfide,
carbon tetrachloride, cyclohexane and methylene chloride were speetroe
quality grade from Matheson, Coleman and Bell. The other solvents used
wers: benzaneadé and chloroferm-d from Merck, Sharp and Dohme Co. of -
Canada Ltd., hexafluorobenzene from Pieree Chemical Cos, dimethylsule
foxide from Aldrich Chemical Co., and ietram@%%ylsilane from Nuelear
Magnetie Resonance Specialties. Carbon tetrachloride was purified and
dried by passing it through Linde molecular sieve 4p which was heatad to
500°C before use. Dimethylsulfoxide was dried over caleium hydride and
fractionally distilled at atmespheric pressure. The fractién taken
distilled at 1890190GC (106). A1l other solvents were used without further
purification. Several experiments were carried out in highly purified

acetone but these will be discussed in the "Experimental Results" chapter,




Be PROTON MAGNETIC RESONANCE MEASUREMENTS

All compounds in solutien were studied with 1 - 2 mole %
tetramethylsilane (TMS) as internal refevence using the previously
deseribed experimental procedures, All solutions wers degassed by the
freeze-pump-thaw technique before the speetra were obtained,

The ring proton spectrum of 3y 5=dichlorosalicylaldehyde belongs
to the AB system., Sinece in most solvents at room temperature proton HB
also couples with the phenolic proton, the twe resonances corresponding
to Hp were split into doublets., A doublet was alse observed foé the
phenslic proton resonance in these sclvents., However, it was always
- slightly broadsr than the two ring proton deublets,

The analysis of the spectrum was straightforward, The long-
range coupling eonstarnt JOHnHB was obtained by simple spaeing rulss from
the ring proton and the phenclic proton speeirs. The ring proton coupling
JAB and the HA and HB proten shifts were obtained by an AB analysis. The
phenolic and aldehydic proton shifts were obtaimed by first order rules,
The aldehydie proton resonance was a sharp singlst. The same proeedure
was applied in the asnalysis of the speetrum of 3,EadibromasalicylaldehydeeV

The molecule S5=chlorosalicylaldehyde exhibits two long-rangs
coupling constants. The aldehydic proten couples with the ring protan

in the 3epositien with a coupling J The phenelie proton couples

CHO«H3°
with the ring proton in the Lepasition, as in 3s 5=dichloresalicylaldehyde,
with 2 coupling JOH”HBG The magnitudes of these twe longerange zouplings,
a5 well as the phenolic and aldshydie proton shifts were determined by

Tirst order rules, The ping proton ecouplings and shifts were sbteained by

an ABC anazlysis,
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The Hp proton shift of 3,5»dichlorosaliéylaldehyda in most
solvents oceurred ta low field of the HA proton shift. However in
C6F6 the two doublets corresponding to proton HB occurred to high
field. The question arose: is this a solvent shift or does the zige
zag long-range coupling constant rule break dewn in this selvent and is
& coupling JOHnHA present? This problem was resolwved by studying the
spectra of 3,5edichloresalicylaldehyde in CS2 - C6F6 solutions., As
well, spectra of this compound were studied in C5, = Acetone solutions,

A1l spectra were reéorded and calibrated st least four times.
The shifts are reported with an accuracy of 4 O,QO5 ppme Several pheno-
lic proton shifts were exéep%iOﬁs where these ressnances wasre very broad
and hence the shifts were harder to msasure, Thess ave indicated in
the experimental data. The errors in the eoupling constants are stan.
dard deviations from the mesn,

Temperature studies on 3, 5-dichlorosalicylaldehyde selutiens
were alsc carried out,. Th@se will now be considersd., When the tenpe
erature of the benzene - d6 solution was raised above room temperatore,
the magnitude of the long-range coupling decreased until at the ceoslesw

cence temperature the two doublets corresponding to proten H. eollapsed

B
inte two broadened singlets. As the temperature was raised above the
coalescence peoint these pesks becams sharper until finally they were
nearly identical in height and width at half height with the peaks ecorw
responding to proten HA' The latter proten and the corresponding rew

sonances were not affected by the temperaturs, Hence this was an ideal

rstem for studying proton chemical exchange reaction rates by means of
P £ Y
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equation (3=51), which applies above the coalescence temperature, By
applying this equation to the experimental data, the first order rate
constant k for proton exchange is easily obtained. The relative peak
heights I/Io are straightforward to measure sinee the exchanging and
the non-exchanging proten resonances arye close together in the speatrum,
TZ at every temperature is obtained in the absence of exchange from the
line widths at half height ASV'%, of the HA proton pesks,

| The experimental procedure was as fbilbws, Several solutions
of 3,5=dichlorosalicylaldehyde at different concentrations in benzeneuds
were prepared with TMS as internal reference and were then degassed., Each
sample was warmed in an oil bath to sbout 120-130°C to cheek whether the
tubes could withstand the added pressure, The proton spectra were then
determined every 2 or 3 degrees until the coalescence temperature was
reacheds At least an hour was allowed foy the solution to come to eguille
ibrium at each temperature before the spectra were recorded, Longer
equilibration times had no effect,

Above the coalescence temperature s systematic analysis of the
spectra was carried out every 5 to 10 degrees. The resoltuion was always
at an optimum and was checked by the appearance of the ring proton HA
peaks, or the aldehydie proton peaks Saturation effects were always checked
for and eliminated hy observing the spectra at low vef. intensities, All
spectra were recorded with the same sweep times. However, confirmatory
experiments were carried out with different sweep times to check for slow
rassage conditions,

At least 8 measurements of the relative heights I{IQ were obtained,
two from each calibration of the spectrum at each temperature, The base

line of each spectrum was extended after the resonances were recorded and



peak height measurements were determined with respect to it with a
rpl@ro The peak widths at half height corresponding te the nen=exchang=
ing proten HA were detsrmined st each temperature. At least 8 measure.
ments were always obtained., The ervors quoted for the relative heights
and peak widths at half height correspond to standard deviations frem
the mean, All ths solutions were studied in the above mamner,

Before k can be caleulated from equation (3 = 51), the mage
nitude of the longerange coupling JOHnHB in the absencs of sxchange must
be knewn, This was defermined by studying a weak solution (1 mole %) at
the lowest possible temperature, 9,3°C, where exchange effects are expected
to be nearly zers. Studies at a lower temperature in b@nz@mandé could not
be carried out due to the poor resclutien =zt temperatures near the freezing
point of benzene. Speetra above 110°C were 2lso hard to obtain due teo
the bumping of the solution above the benzene boiling point,

All temperatures were determined before and after each cale
ibration using an ethylens glyeol or a methansl sample and a ealibration
graph of internal shift versus tempsrature. This was prepared by Varian
Associates, Palo Alto, California. The temperature never changed by more
than one degree from the beginning of the spectral ecalibrations until the
ende This corresponds te 2 time intervel of about two to thrse hours in
which temperature equilibration was attained, resolution ad justed, a
saturation check carried out, and at least four ring proton, phenolie and
aldehydie proton calibrations sarried out, The preeision in measuring
the temperature is estimated at iQ,SDCe

The rate conpstants for preten exehange ceould not be determined
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3 )

oy studying the phenclie proton doublet, These peaks were always
slightly breader zt room temperature than the corresponding HB proton
doublets. As the temperature was inew reased they collapsed and further

broadeneds Henze several processes are thought to affes
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ton resonance line widths. The aldehydic proton resonances were

‘CS

always sharp and these line widths at half helight were temperature
independent,
The rate constant k for proton exchange was caleulated for

ates change with

3

all the solutions using equation (3 « 51)s Since the

1
2

o
[¢]

oencentration of 3, 5-dichloresalic rlaldehyde, an intermoleculss

ss must take wle ¥ Caotua I et ?!itadﬁs
exchange precess must take place and the setual kexehange g
are twice the mezsured k, The least Sguares analyses of the data were
carried out on the IBM=360 computer at the University of Manitoba, The

regression analysis program was obitained from BoeTo van der Kowwe, As

well, seversl of these analyses were careied out on s desk ealoulator,

Ce INFRARED MEASUREMENT.

The infrared spectra were obizined st reom temperature using
a PerkineElmer 337 Grating Spectrophotometer, The C=0 stretching fre-
queneies wers calibrated on a 10 ineh stripechart Honeywell rescorder with
ealibration bands obtained from an indens referencs, A 00025 mite 2ell

was used,
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ALl of the proton chemical shifts determined in this study are
in ppm to low field of internal THS and all ths coupling constants are
in cps,

The proton chemical shifts and coupling constants of 3,5
dichloresalieylaldehyde (4) in various solvents arefgivwh in Table 3=I.

The JOHuHE values are the average of the ring proton and the phenolie

proton splittings. Both coupling constants Jyp and JOHaHB are positive (94),

The Hy ring-proton shift was assigned to low field with respect
to the Hy ring proton shift on the basis of the zig=zag long-range COUP-
ling rule in those sclvents where the longerange coupling was observed,
An exception was CgFg in which the Hy proton resonsnce occurred to high
-fislde This was showm to arise from a solvent shift and not from a
breakdown of the zig=zag rule by studying 3,5—dichlorcsalicylaldehyde in
céFé - CS2 solutions., The proeton shifis ars given in Table 3=IT and
Figure 3.l frem whieh it is seen that increasing the coneentration of
c6F6 in selution shifts the HA proton resonance to lew field, below that

of the HB proton rssénance,
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Footnotes te Table 3el,

Lo
2,
3e
K

5e

ALl proton chemical shifts are in ppm to low field ef internal THS,
All coupling comstants are in eps,

Purified as described under "Experimental Methods'.

Under scolvent peak,

The peaks were broadened but definite splittings were hard to
calibrate,

Dimethyleulfexids,

Net observed,




Table 31T

Proton chemical shifts and ¢oupling constants for 3, 5=dichlorosalicyl=

aldehyde(l) in CgFg = C3, solutiens at 30%,

Solvent Low=field Highefisld
Cormpositien proton proton

(molef CF,) shift shitt  Yeomo  Vom Iin Jo-H,
0 (Cs,) 2oton(®) g 392 9.806  11.234%  2,5240,03 00 5440403
20 21 gz o830 11232 2es0s0u0h e
10 7883 760 9863 11,233 2.5040.0%  0,3440.03"
60 7471 7H7L 9.873  1Lle238 = eecea cecew
80 74488 74488 94907 11,248 — S
100 (CgFg) ?.526 ‘ 7.1478(2) P93 1de26l  2,5240,03 0,4640,03

le Present in all solutions in concemtrations < 5 mole %,
2. Coupled to the phenolic proten.

3. Coupling to phenelic proton diffiecult to resolve.



Figure 3Bl

The ring proton chemical shifts of 3,5-dichlorosa-
lieylaldehyde in Cé?é - CS, solutions at BOOC as a
function of solvent composition. The shifts are in
ppm to low field of internal TMS. The x indicates
the low-field proton shift whereazs the 0 indicates

the high-fleld proton shift,
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When the preliminary experiments in this study were carried
out, a 5 mole % solution of 3¢ 5=dichlorosalicylaldehyde in acetone
was prepareds Both were used as obtained commercially without special
purification procedures. The acetone was speetroquality grade., The
solution was degassed with TMS 2s an internal reference,

When the pemer. spectrum of this solution was obtained, the
two high=field ring proton lines of the AB spectrum were considerably
broader than the two low-field lines. This suggested that the highe
field ring proton couples with the phenolic proton. Therefore the acstone

solution was studied at several low temperatures and a J splitting

OH«HB

of 0,47 cps was observed at -?@3000 The solution was then studied over
a temperature range from -7.3°C to +68°5°C and the ring, phenoliec and
aldehydic proton shifts were determined. The coaleseence temperature was
approximately 29°C. Above this temperature the relative heights I/Io
were measured together with the line widths at half height of the loww
field AB doublet. The proton chemieal exchange rate constants were cal-
culated using equation (3 = 51).

A complete study of 3s 5=dichlorosalicylaldehyde in acetone solutions
was then planned. Several solutions were prepared. However the longe
range coupling between the ring proton and the phenolic proton could never
again be observed, lany expsriments were tried. The compound was used
without further purification, after being recrystallized from CCly, from
acetone or from ether, Another sample of this compound was obtained from
Frinton Laboratories and tried. Acetone was purified in many ways. It

was refluxed for several hours with KMnOn, then consecutively distilled,
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dried over CaCl, and redistilled, Tt was kept over alumina, Acetons

...I .

from several manufacturers was tyied, After these purification Troce Sses
vere carried out, many solutions were prepared, many in 2 dry box and

all were degassed. The vacuum line was flamed cut before each preparation.

m

Solutions were tried with and without internal TS ¢

Selution preparations were alsoc carried out on the vacuum line,
The compound was recrystallized from acetone, placed in an nem.r. tube,
attached to the vacuum line, warmed slightly and degassed, Acetone,
purified by ths KM@O& process, was placed over CaHz, degassed on the
vacuum line and vacuum distilled inmto the Nele¥s tube, Irrespsctive of
the econditions under which the solutions were prepared, the ring proton
spectrum always consisted of a symmetricsl AR guartet with no svidencs of
& longerange coupling, evan at -15GC@

Finally, Be Richardsen prepared a 5 mole % solution a2s he normally
would for oblzining an nemer. spectrum, with the same vesult, Consequently
no further temperature studies were earried out orr agetone solutions,

One interesting result emerged from this study however, which
showed that in acetone, as in CéFé’ the HB ring proton shift is to high
field with respect to the HA proton shift, This was confirmed by studying
the spectra of 3s5=dichlorosalieylaldehyde in ascstone a082 solutions. The
results, in Table 3-ITT and Figure 3«2, show the acetone solvent shift on
- the h proton. The phenolic proton resonance wms very broad { ~~30 cps

at half height) in solutions with low acetone conventrations and beecams

his is

o d
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sharper as the acetone concentratio

not known,
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Table 3-ITT
Proton chemical shifts and ecoupling conmstants for

3, 5=dichlorosalicylaldehyde (4) in Acetone ~CS,

selution at 30°C.

Conce A Selvent Lowefield High-field
(mole %) composition proton proten
(mole % acetone) T shift shift Vero Von Ian
<5 0 (cs,) 7006 p3e o806 11.2340.05  2,5240,03
<5 5 74488 7,465 9839  11.20 40,05 2,50
<5 8 76506 7,487 9.856  11.20 +0.05 2,51
<5 10 70515 741490 9.861  11.23 0,03 2,51
5 20 7,588 7o 5Ll 9,901 11.27 40.03 2,53
5 ) 7,678 7.563 90953  11.30,40.0L 2,53
5 60 7737 74617 Fe989 1133 40,01  2.55
5 80 7779 7.668 10,016 11.34740.005 2,55
5 100 7,807 74708 10,035 11,36310.005 2,57
1. Coupled to the phenolic proten




Flgure 3-2

The ring proton chemical shifts of 3,5=dichlorosalicylale
. s o
dehyde in Acetone = CS, solutions at 307C as a function of

solvent composition. The shifts are in ppm to low field of

internal TMS. The x indicates the lowefield proton shift

whereas the ¢ indicates the high-field proton shift.
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In Table 3=I the Hp ring proton shift in DMSO was assigned to
higher field than the Hy proton shift, in analogy with the acetone

spectrun,

The assignment of the HB proton resonance to low field with
respect to the HA proton resonance in most solvents is supported by other
evidence. The molecule 35 5=dibromosalicylaldehyde was studied in C82
(Table 3-IV). If the HB proton resonance occurs at low field in the
dichloro compound, it should occur at even lower field in the dibromo
compound relative to the Hy proton resonance., And it does., The internal
shift is 0.213 ppm whereas in the dichloro compound it is 0,102 ppm. This
is in agreement with the larger ortho CQ effect of the bromine atom as
compared with the chlorine atom (107).

Conclusive evidence for the above proton assignment comes from
a study of 5-chlerosaliecylaldshyde in C6D6 since the replacement of a
chlorine atom by 2 hydrogen atom in the aromatic nucleus should have little
effect on the HB proton shift. This is based on the nearly equal ortho

(Q seffect of these two atoms (107)., Also an Unequivocal assignment of
the pemers speetrum of this molecule may be made since 3 ring protons are
present and the 3 ring broton coupling constants are all different. The
spectrum is given in Figure 33 from which it is seen that the HB proton
resonance oceurs to lowest field and exhibits the long-range coupling with
the phenolic proton. The aldehydie proton couples according to the zige
zag rule with the HC ring proton.

Decoupling experiments were carried out on both the phenoliec and
the aldehydic protons to confirm the assigrnment of the long-range coupling

constants. The ABC analysis was carried out on the decoupled spectra.



- Table 3-IV
Proton chemical shifts and coupling constants for

3,5—dibromcsalicylaldehyde in €3, (5 mele %) at BOOC,

\% = 7,778 ppme JOHuHB = 0.4740,03 eps,
Y, = 7.565 ppm, Ly = 2.350.0% ape.
YE)HO = Ge757 ppn.
)GH = 1le351 ppie

Table 3=V

Proten ehemiecal shifts and eoupling constants for 5a

chlorosalieylaldshyde in CgPg (5 mole %)

a. At 30°C.
Va (Vg) = 64674 ppm, 15 = 2.6740.03 eps,
Vg (V) = 6,866 ppm, Ige = 8,9140.03 cps,
Vo € V3) = 6,507 ppm. Iie = 0o4340,03 eps,
Vero | = 8.931 ppn, JOH-HB = 0.4640,01 eps.
Vou = 11,094 ppm, JCHD»HC = .Q°6329-01 epSe

The sum of squared deviations in intensities between ealeulated

and observed ring proton ABC speetra = 0.0198

o

be At 95Ce
Yoo = o111 ppr *JCHO-eHC = 0,6440,02 cps
The splitting dus to Joten has nearly disappearsd,

B

* Also observed at 115°C,




Figure 3-3
The proton magnstiec resonance spectrum of
2 5 mole % solution of 5-chlorosalicylalde=

hyde in CgDg 2t 30°¢C.
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Table 3=V gives the proton chemical shifts and coupling constants for
this moleculs,

Once the proton assignments of 3,5=dichlor0salicylald@hy&s Wwere
complete, temperature studies were carried out on solutions of this mole-
cule, Studies of the CSps Céle and 001# solutions showed that the ex
change rates were sufficiently slow in these solvents so that a complete
coalescence of the splittings arising from the coupling JOH«HB eould net
be observed, even at temperatures of ~ 110%, In CéD6 the preten
exehange rates were sufficiently rapid’so that the coalsscence temperature
was wsll below the beiling peint of the solvent and a sufficiently large
temperature range was available over whieh the relative heights I/I0 could
bs measured. Therefore there is a solvent effeat én proton exchange rates.

The proton magnetiec resonance spectrum of a 5 mole 4 solutien
of 3,5«dichlorosalieylaldehyde in 06D6 at magnet temperatures (30°C) is
given in Figure 3-4, The results of the temperature studies of CgDg
solutions are tabulated in Tables 3-VI to 3-XI. The widths at half height

43)7%,of the peaks corresponding to the non=exchanging proton (HA) are
in cps. The heights (I) of the exchanging proton (HB) peaks with respect
to the heights <Io) of the noneexchanging proton pesaks are zbsolute numbers,

The results of s temperature study of a saturated solutiem of
3, 5=dichloresalicylaldehyde in cel,, ( < 5 mole %) are given in Table 3-XIT1,
even though proton exchange studies could not be carried out en this solue
tion. This selution wes also studied with cyclohexane instead of TMS as an
internal reference but this daia is not included in Table 3-XIT. This enabled

temperatures of o~ 120°C to be reached but the rate of proton exchange was
P p

still to slow to be measured,



Figure 34
The proton magnetic resonance spsctrum of
a2 5 mole % solution of 3,5-dichloresalicylal-

dehyde in CgDg at 30°C,
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The resulis of the infrared studiss are ss followse. The
C=0 stretching frequeney of a saturated (< 5 mole 4) solution of 3
Sedichlorosalieylaldehyde in Ccl4 is 1672+ 1 cﬁileEen selutions ef
this eempound were prepared in CéDé for the peMers measurements, ine
fravred speetra of these were also obtained. For four solutions (0.25,
2e5y 540 and 10,0 mole %), the C=0 stretching frequencies all ranged
between 1670 and 1671 cm"l@ Hence a 40 - fold change in seclute con-

centration hed no measureable effect on the C=0 stretehing fregquency.




DISCUSSTION OF RESULTS
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Ao CALCULATION OF THE PROTON EXCHANGE RATES FOR

355D CHLOROSATL T CYTALDEHYDE, TH 0526780LUTI0NS

Using the I/I0 and Al’f%_values given in Tables 3=VIT to
3<XI, the psevdo=first order rate constants for proton chemical ex-
change, defined by equation (3 - 50), were caloulated using equations
(3»~’51), (3 = 52) and (3 = 53) for C4Dg solutions of 3,5-dichloresalicy-
laldehyde, The true rates for proton chemical exchange were obtained by
multiplying the measured rates by a factor of 2, as defined by equation
(3 = 49)s The relaxation time T, for the protons in the abssnce of
exchange was csleulated from the Agﬁf_%‘valugs using equétion (3 = 44,
The magnitude of JOH»HB used in these calculations was 40,61 cps, obe
tained for the 1 mole % solution at 9,3°C where 21l exchange effects are
expected to be small, This value was 2lso obtained for the 2.5 mole %
solution at 8,5 Ce The results of these caleulations are tabuwlated in
Tables 3-XITT to 3-XVII. TIn order that the activation parameters may be
caleulated for the proton exchange process, e linear relationship was
assuned between log k and 1/T as given by & linear regression (leasé
squares) analysis, These results are also given in the above Tables.

A regression analysis was carried out by standard statistical
procedures (108, 109), The presence of a linear relationship between log
k and 1/T is evident frem the magnitudes of the multiple correlation com
efficients. A typical graph of log k versus 1L/T is given in Figure

3=5 for the 7.5 mole % solution.



Table 3=XITI
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Proton chemical exchange rate constants for the 7.5 mole 4

Luti
C6D6 soluticone

=1,
%0 &= 107 (%) kz(%.q_)uec.) (27) (see.)

log k (sec:l)

32L.730.5 3.10840.005 2.3 (z.oQ){l> 0,414 (0450,)

33242 36010 5¢65 (Heby) 0,17, (0.21,)
3419 24925 8.8 (743,) 0.1, (0.13,)
36,7 2,884 ey (11.) 0,07, (0409;)
35245 2,837 4o, (104,) 0,065 (0.09,)
35947 2,780 2o, (15.,) 040k (0.06,)
364.9 26740 37., (22,7) 0.02, (0,04,

(1) The values in parentheses are discussed in the text.

Results of the linear regression analysis of the data:

log k = =3.0L x 103 + 9,76
T

H

Multiple correlation coefficient

Standard error of the estimate (in log k) =

i

Standard error in the slope

0,378 (0.301)
0.752 (0.668)
0,947 (0.863)
1o155 (1..043)
1,167 {1.004)
1.336 (1,182)
1.568 (1e356)

0,990
0,061

0,19 x 10°
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Table 3-XTV
Proton chemical exchange rate constents for the 2¢5 mole %

06D6 solution,.

%K) %-x 103 (aKni) i =(%71)(see:l) (27 ) (see.) log k (sec?l)
3475 2,878 Lo7s 0456 5 0,248
35665 2,805 2494 0334 0okl
368,2 2,716 4,26 09235 0629
378.0 2,646 745, 0,13, 0.876
389.2 2,569 8435 0.12, 0,921

Results of the linear regression anulysis ef the datas

3

log k = _=2025 x 107 + 674

T
Multiple correlation eoefficient = 0,983
Standard error of the estimate (in log k) = 0,059
Standard error in the slope = 0,24 % 103



Table 3.1V
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Proton chemical exchange rate constants for the 500 mole %

| C6D6 solution,

1 (see?l) (277) (secs) 1log k (sec?l)

o L 3 0 =1 - x

T("K) = x 107 (k7) k=5
35060 2,857 2.39 0.#19 0,378
3557 2,819 3.13 90319 0496
361.2 2769 @067 0922& 0,669
369.7 2:705 1001 90099 1,004
3795 2635 13»7 0e0?3 Le137
38469 20598 176 005, 14230
Results of the linear regression analysis of the data:

log k = =334 x 103 + 994

T

Multiple correlation cesfficient = 0,993

Standard errver of the estimate (in log k) = 0,052

Standard error in the slepe = 0,18 % 10



Table 3=XVI
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Proton chemical exchange rate constants for the 6.0 mels %

C6D6 solutiocn.

1 (sec:l) (2T ).(seec.) log k (seczl)

70 £x107 (k7N x =51 )
326.8 3,060 21, 0.l7, 0.326
331.9 3,013 2¢9¢ 0.334 0471
33562 2.983 Beltg 0.289 0+539
340.7 2,935 6a65 015 0.821
3485 2.869 96, 0,10, 0.983
355,7 2,811 12.), 0,08, 1.093
3647 2,742 1594 0.065 1.188
3684 20714 22.7 ().,01421L 1.356
Results of the linear regression anzlysis of the data:

log k = 22:86 x 100 + 9.12

Multiple correlation coefficient = 0,986

Standaxrd error of the estimate (in log k) = 0,067

= 0,20 x 103

Standard error in the slope
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Table T={VII

Proton chemical exechange rate constants for the 10,0

mole % CgDg solution.

=1 =l
10 Fx 10Kk ade (505) (BT (seeu) dog k (seel)
31802 361-""3‘3 1e96 09510 0@292
32965 30035 2‘1’902 Gagi-ffg 006024‘
338,0 20959 6'21 Ooléi G793
3579 2o 794 EQO? 0°668 L.167
3679 2,718 3244 0,03, 10509
Results of the linear regression analysis of the data:
log k = =2,73 x 10° 4 8,86
T
Multiple ecorrelation eoeffieient = 0,995
Standard srror of the estimate (in log k) = 0,057
3

Standard error in the slope = 06 x 10




Figure 3=5
A plet of log k (sec,°1) versus (absolute

temperature)"l for a 7.5 mole ¢ solution of

3, 5=dichlorosalicylaldehyde in CéDéa
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The aetivation energies for the exchange processes were
obtained from the Arrhenius equation (3 - 54) by multiplying the slopes
of the calculated linsar relationships by 2,303 R. The interespts
correspond to log A, where A is the fregusney factor. The A H#Q PAY G#
and AS.S% values were determined at 80°C (353°2°K) by means of equations
(3 = 55)s (3 « 58) and (3 = 59) respectively and are tabulated in Table
3-XVIII. At 80°C a measurable exchange precess oceurs in all solutions,
hence this temperature was chosen for evaluating the activation parameters,

The errors in the activation parameters were obtained in two
wayse The first was a statisticsl approzch znd beth standard errors and
90% confidence limits in the caleulated activaiien parameters wers obe
tained, These are included in Table 3-{VIII where the latter walues are

in brackets,

#

The estimation of the error in A E and AH is based on the

standard error in caleulating the slope of the straight line. The error

in gﬁxG# is a funection of the standard error of the estimate in leg ke

#

The uncertainty in A E and AA.H# is so much larger than in A\ G since

the former depend on the rangs over which the temperature measurements

aye obtained, The greater the range the more accurately ths slope of the

#

straight line way be determined. The A\ G magnitudes are determined with

a much higher preeision since they are a funetion of log T/k (equation

(3 = 58))s Because of this logarithmie relatienship, an error in the

#

temparature of 4 2°K has a negligible effect on the magnitude of A G

and hence the smsll ervor in A G’qé is due to the uncertainty in measuring

ko The errors in determining A S# are the largest since they depend on
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the sum of the errors in AQ)H# and A G#o In Table 3=XVIII the error
limits of k are obtained on the basis of the standard erver of the ese
timate in leg ke
Alierhand et 2l (17) have pointed out that statistical devistions
do not reflect the true errors due teo the presence of systematic errors.
Thess errors wore also considered in this study.
The error in k arises from the experimental errors in the

OHeHB’

(3 = 51)s Consider the 7.5 mele ¢ solution as an sxample, The standard

measurement of J 45\f% (HA) and I/I° which enter into eguation
deviations from the mean values of AV ; and I/Io for this solution are
2

given in Teble 3-X. Then, assuming thet the magnitude of JOH q is known
B

sxactly, the sffects on the k values obtained using equatien (3 = 51) of
changing the ratio I/Io and ASV'% by ameunts cerresponding to the stand-
ard deviations were considered, It was found that the greatest deviation
in k oceurred when the ratio I/IO was made smaller by an amount corresponding
to the standard deviation from the mean and the AV i values were mads
larger also by an amount corresponding te the standard deviation. Using
these error limits of I/Io and AY 1 a new set of k values were czl=-
culated at sach temperature using equation (3 - 51). For example, at 48,5°C
values of Q.43 and 0,30 eps were used for E/Ia and AXV'% raspectively.
These k values afe given in Table 3-XIII in brackets and correspond to the
maximum uncertainty in measuring k. This uneertainty is indicsted in the
Arrhenius plot (Figure 3=5) by the vertical line passing through eaech point.
The uneertainty in the temperature ( AT = i;G@EOK) is indicated by the
horizontal line and the unecertainty in the measurement of each point is thus

represented by a rectangle., Two straight lines wers drawn with maximum and




minimum slopss in such 2 mamner as to pass through each rectangle (38)
and the maximom srrer in the slops (hense in A E) was thus obtained,.

1,

The Arrhenius plot indiecates that the uncertainty in k and not in th

&

temperature is the determining factor in the uncertsinty in measuring the
slopes,

In this manner an ervor of 42,1 keal./mole in A E was determined.

was used based on the standard deviations in AV and I/I e Still it is
not much larger than the 90% confidence limit estimate for this seclutien
{1e8 kesle/mole) based on statistieal caleulations, The same cenelusion
was arrived at for the other sclutiens. Therefore only statistieal srrors
are tabulated in Tsble 3=XVIIT and the 904 confidence limits in A E may
bs trezted as maximum errors.

Systematic srrors may arise from other sourees. The first is

the choles of the magnlitude of J in the complete absence of exchange

=
OH LB

effeets. The vaelue used in this study (G.6Ll cps) was obtained in both the
1 and 2,5 mole % solutions at temperatures just above the freezing point
of benzens when exchange affeets are sxpectsed to be small. If this value
is in errer, the true magnitude could only be larger. Calculstions were
carried out by increasing JOH«HB by +0.06 cps. The k values increased
glightly at each tempsrature and the new straight line was nearly parallel
to the originals The corrscted A E valus was well within the previously
deternined erveor Limits of the origingl A E. Ths effect on 2D G% WaS
nagligible due to the legarithmic relatieonship of A G% on ke Blears

(24) also founmd that overlap between the two resonances and an incerrect
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selection of J were not partieularly important.

A systematic error may arise from & small long-range coupling
between the CHO proton and ring protons HA and HB and between the OH and
HA protens. Double resonence experiments were carried out in whieh the
CHO and OH protons were irradiated.while the ring proton spsctra wers
studied. Only very slight, negligible effects were observed. Any longe
range couplings besides JOH»HB are therefore nesarly zero, or zero,

Finally the appliecability of equation (3 = 51) to the study
undeyr econsideration must be considered. This equation was derived from
Bloch's classical phenomenological equations to which a quantum correction
must be applied (21). 1In this study the correction was negligible, The

application of this equation also assumes that the magnitude of Jofy. I8
B

temperature independent and deecreases only due to proton exchange effects,
This is in analogy with conformational studies based on the measurement
of variations of coupling eenstants with temperature whers the assumption
is made that the coupling constants in the various isomers are tempera
ture independent, The results obtained from sueh studies may be sub ject
to errors (110). Coupling constants are expected to show an intrinsie
variation with temperature (111) whieh has béen observed for F-F and HeF
eoupling constants (112),

The exact dependenes of JOHmHB on temperature (exeluding exchange
effects) is not knowm. However it is expected to be very small for two
rsasons, First, ths JAB couplings for all the CéDé solutions over all
temperature ranges are constant with & maximum range of enly 2,49 to 2655
eps (Tables 3-VI to 3=XI). Seeondly the longerangs coupling JCHO»HC in
S=chloresalieylaldehyde (Table 3-V) is also temperaturé independent.



Be S _OF THE PROTON EXCHANGE REACTICN
L CeDg SOLUTIONS OF 3, 5=DICHLORCSALICYLALDEHYDE

le Intreduetion

n

The pseudo first order rate eonstents k in Tahle 2-XVITT ine
erease as the concentration {A] bf'3,5«dichlor@salicylaldehyda in Céﬁé
igeregsgsyéa This suggests that a possible proton exchange resction
oceurs via the cellision of 2 molecules of A whieh may be rapresented as

3eb0 1

A 4+ A% ;%:ﬁ A% 4 A whevre [A] = Lg%
Tl

The mesn lifetime of 4 between exshanges, T ., is related to ¢

&4,

he aone

ventional chemical rate constant kl by (10)

0 =l 6] []-Ll

5"

3=62 ko= lTT m(‘ y = Ky [A?] =k, [A}.
If equation (3=-62) is valid, k is linearly dependent on [A} end a plot
of k wversus [&] for each soiutlen should be 2 straight line passing through
the origin with 2 sleps equal to kle

The k walues for each golution teogether wit th the solution cone
eentrations in mole % end molarity units at 80°C are given in Table 3-{VIIT.
At this temperziure the exchange precess occurred in all the solutions,

The eonveraion of the sclution eoncentrations frem mole % to
molarity units will now be deseribed, First of all the soncentestions in
molafity units were svaluatsd at rsom temperature by wel ighing sut the
solute 4, Céﬁé and TMS, The results indicated that at roonm temperaturs

the volume of TMS used as an internsl reference had . only a s8light effect
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on the totsl volume of the solution (1-2%4) and hence on the molarity of
A (moles of A per liter of sélution). At 80°C the volume of TMS in
selution must be even less sinee TMS beils at 26.500 (113)e This vol-
unie was negleeted in the caleuwlations. '

Several other assumptions were made in these caleulations. The
total velume of each solution was obtained by adding the volumes of pure
benzene and pure solid A- an ideal solution assumption, This is an &PDe
proximation which may be mads, as will be seen, sinee the errors in
. determining the rate constants exeeed those in the concentration detere
minations. The volume of benzene is readily obtained since its density
at 80°C is 0,815 gms./ecs (114). The density of 3,5-dichlorosalicylale
dehyde was not known and was determined experimentally in the following
manner. The selid A was lmmersed in various selvents of kwown densities
in which it was inscluble. When the two densities were nearly squal the
solid remeined suspended in the solvent. The density was detevmined as
1.6540.1 gmsofece at 25°C with o precision of about 5=10%. Assuming that
the density of solid 4 remains unchanged at 80°C, its volume, and henecs
the melarity of each solution wés ealculated,

In the final sclutions the volume contribution from solid A is
less than 10%. Therefore the signifieancs of the errors asscciated with
the density determinations of A deeresses by about a factor of 10 in the
total velume and melarity caleulations, This justifies the method of
determining the density of the solid,

The main source of error in determining solution concentrations
in molarity units lies in the assumption of additive volumes, This ervor

is not known and is estimated at appreximately 57.




Table 3-XIX
Results of 2 linear regression analysis eorrelating the pssudo first
order rate constants (1) k (secﬁl) with the ean@entratibﬁ<l> of 3¢ 5=
dichleresalicylaldehyde [A] in CéDé at 86%¢,

8o [A] =~ expressed in units of mole .

3463k (see™) = 1.7 (30.5) [4] 1.0 (43.0)(")

Multiple correlation eoefficient: 0,87
Standard errer of the estimate in ks 369 §@6”1@
be [A] = expressed in moles/liter of solution. o
36l i (secT) = 16,8 (44a8)  [A) L.l (43.0).
Multiple correlation coeffieient: 0.87
Standard error of the estimate in k: 369 sacale

1o Given in Table 3=XVIII. 4 value of k = 0 when [A] = 0 is
included in this analysis,
*  Values in brackets are standard srrors in the regression epefficients

(slope and intercept).




Figure 3=6

A plot of k (see,’l) versus the eoncentration of
3, 5=dichlerosalieylaldehyde [A} in moles/liter

in CéDé solutions at BEBQZGK (80°C)0
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A regression analysis was earried out to find the best linear

relationship betwsen the coneentration of A in solution and the k values
at 80°C to check the validity of equation (3 « 62). Two sets of eale
culations were carried out with the concentrations in molarity and mole %
unitse In these ecaleulations the origin was also included (k = 0 when
[Al = 0). The results are given in Table 3-XIX. A plot of k versus LA}
(moles/liter) is given in Figure 36, |

From the Figure and the multiple corrslation coeffisients it is
seen that there is a large scatter of points about the straight line, The
intercepts of both equations (3 = 63) and (3 - &4) are nearly equzl and
this indicates that the conversion from mele % to molarity units is accurate,
Comparing equations (3 « 62) and (3 - 64) gives the magnitude of ky as
16,8448 liters mole L sec.™t {standard deviation from the mean), The
intercept of =Ll.1+3.0 sec.”l is compatible with a zero interecept. Hence
the dats support the linear dependence of k on {Al and the mechanism
given by equation (3 - 62),

The deviations of the points from the calculated straight line
do not arise from errors in sclute concentrations since the correlation
goefficients ave equal for calculations using mole % and molarity units,
As well, the error limits of k for each sclution do not account for the
deviations. This seatter of the points as seen in Figure 3«6 is hard te
explain and may arise from traces of impurities present in the solutions,
The concentration of these impurities in sclution must be small as was
indicated hy confirmatory temperature studies én 2 5 mole % solution that

was independently prepared. The solute was reerystallized frem ether,



dried, and then degassed. Then the correct veolumes of C6D6 armd TMS were
vacuum distilled to prepere the soluticn. 7Yet the same wslative heights
I/I, and widths at hzlf height AYy (Hy) were obtained as for the ori-
ginal selutien,

The various effests on the magnitude of the »ate constant kl,
on the possible exchange mechanism and on the activation parameters will

now be digeusssd.

2. Solvent Bffects and Dimer Formation

The solvent has a definite effeect on the zstes ef proton e¥e
change in solutiens of 3, 5=dichieresalieylaldehyde sines this process was
observed in Cglg but not in CSy, CCly, and CgHyp solutiens, This may be
related to the low solubility of 39S-dichlorosalicylaidehyde in the latter
solvents (< 5 mole %),

Intermolecular hydregen bonds sxist betwesn hydroxyl protons of
phenols and arematic T =electron systems (71, 115=122), The ensrgy of
hydrogen berd formation AH® between phenol and benzene is =l.6 keal,/
mole at 25°C (53, 117). However, in a system whers ths phenolic proton
is strongly intramclecularly hydrogen bonded as in salieylaldehyde or
3¢ 5=dichlorosalicylaldehyde, the experimental evidenca indicstes that this
bond is not broken in a henzene solution by the compsting interaction with
the T =electrons. This is based on dipole moment measursments in benzene,
paraxylene and diexane solutions (359-62) and on photorsaction studies in
benzene solutions (63).

The dats obtained in the study under eensideration support the

intramolecularly hydregen<bonded species in CgDg selutions. The long=
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rangs coupling constant JOH«HB in 3, 5-dichlorosalieylaldehyde is of the
same magnitude in beth CClQ and CgBy solutions (Table 3-I), If a frace
tion of the solute phenolie protons were intermolecularly hydrogen bonded
sither with the C6D6 solvent T -sleetrons or in a dimer formation with
other solute molecules, the magnitude of this coupling would be smaller,

Secondly, if either of these intermelecular hydrogen bonds were
present, the OH proton shift would be eoncentration dependent whereas for
an intremolecular hydrogen bond the OH shift is concentration independent
(46, 71)e The concentration shift of the OH proton of phenel in banzsene
solutions is approximately l.4 ppm ovar a concentration vange of 2 to 24
mole % (l2L). However, for 2,6-dietebutylep-methylphensl in bengzens the
OH shift is indepsndent of concentration sinece the bulky orthoesubstituents
ghield the OH proton fvem the solvent senvirenment (121). The large cone
centration shifts thai are possible on intermolecular hydrogen bond formae-
tion in aromatic solvents heve been described (46, 123). In the study
under consideration, at room temperature the OH proton shifts in CgDg vary
from +11.436 ppm (Table 3=VI) in the 1 mole % sclution to 411,389 ppm
(Table 3=XI) in the 10 mole ¢ solution, a change of 0.047 ppm (2.8 ops)
which is negligible in comparison with the values for phensl in bengene
solutionss Alse, small variations were observed for the OH proteon shifi
in eoncentration studies of salieylasldehyde in seven solvents (69).

The measursd C = 0 infrared stretching frequencies also suppert
the monomeric, intramolecularly hydrogen<bonded speeies of 3,5~dichlorosa=
lieylaldehyde in CéDé solutions at 21l ceoncentrations,

However, another wesk interaction in these solutions is possible,
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Recent studies (124, 125) of the solvent effectes iﬂ.pQMeTo spectroscopy
have shown that the solvent shifts A (D gCDClB - 506}16) induced by
benzene in saturated ketones are positive for protems lying behind a
reference plane drawn through the carbonyl carhén etom and perpendiecular
to the C = O bond (benzene leads to an inerease in the shielding of these
protons). Protors that are in frent of this reference plane are dew
shielded and hence have a negative A\ value while those lying in or near
the plane have small er zero A values (126). This generalization zlso
appears to hold for o , 8 -unseturated ketones (126 and refersnces therein).
These r@snlts are consistent with am interaction between the solute ear-
benyl cempound aﬁd the solvent benzene (124 - 126),

This generalization has been applied to the solute moleculs

under eonsideration, 3,5-dichloresalicylaldshyde,

Hg

A reference plane is drawr as indissted through the cavbenyl cerbon ztom

and perpendicular te the C = 0 bond (E)s From (E) it is seen that protons
Hyo HA and CHO should be shielded (pesitive A ) in going frem CDCl3 e
CgDg selutions whereas the OH proten should be deshielded (negative 4 ),
Table 3«1 indicates that these A wvalnes are 40.53%, +1.052, 41107 and
=0,08D ppm respectively for 5 mole % splitions. This supports the intrae
molesularly hydrogen bended spescies in benzene solutione

The above generalization is also appliecable to the temperature
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dependence of the shifts which have been observed on coeling solutions of
ketones in tsluene odg mixtures (126)s These shifts are roughly pro=-
portional to the A velues, The chemical shifis in toluene m&S solution
ars tempsrature varieble because on lowering the temperature the equili-
brium |

3ub5 ketone + toluene ——> complex

is displaced towsrds complex formation, This also applies to benzene,
but toluene was chosen as the aromatic solvent sinee lower temperatures
may be cbtained,

For the molscule under sonsidsration, on lewsring the temperature,
proten shifts H ,-HA and CHO shift te higherifields (inereased shislding,

+ ve Q) wherasas the ph@nglic proton in the deshielding gegicn shifts to
lower fields {=ved)) (Tables 3=VI to 3-XI). These results also support
the presence of the intramolecularly hydregen<bonded speeies &s well as

the pressnce of a complex betwsen the solute and CgPg solvent moleoules,
However, & phenolic proton shift to lower fields on decreasing the temp-
erature is also consistent with a stronger hydrogen bond (46). (& pﬁemolic
proten shift to high field en inecreasing the temperature has been inter-
preted in terms of the breaking of the hydrogen bond),

The magnitude of the interaction (3=65) must be econsidered., The
temperature variations in the chemical shifts of proton resonances in some
steroidal ketones in toluene solution have been determined (127). Assuming
a l:1 complex, its heat of formation was estimated frem the temperature
studies as approximately «0.65 kealo/mole, This wvalue is regarded only &s

an order of mggnitude in view of the many assumptions made in the eale
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culations. Solvent shifts induced by benzene and toluene together with
temperature studies were extended to methoxybenzenes (128) where the

A\ H values of the assumed 1:1 complexes were approximately =Ll.0 keal./
mole and varied slightly with the ring substituents. Finelly an avereged
value of A H = «0,940.2 keal./mole was obtained for the assoeiation of
four para-substituted benzaldehydes in toluene = dg solutions (129). Neo
correlation with substitusnt was apparent.

These interactions are very wezke The magnitudes are approxie
mate because of the assumption of 1:1 complexes between solute and solwent.
Also, temperature shifts may be associated with dispsrsion forees (127).
The magnitude of this interaction was not caleulated fer the solutions
wder consideration dus teo the many approximations in the ealeuwlstions

and since this interaction is known to be very weak.

3o Centributions to the phenelic Broton Line ¥Widths

In all the solutions that were studied the OH proton line widths
at half height AXY% (OH) were always slightly broader than the eorrespond-
ing Hy proton line widths sz% (HB)’ As the solution t@mperaiure was
inereased, the phenolic proton rasonance doublet ecllapsed and further
broadened whereas the Hy proten resonance douvblets eollapsed aznd besame
sharper, For the 5 mole % solution at 111.7°C, the OH width at half
height AAY%_(OH) was 1.6540.03 eps whereas AXV%jHé) and ZSV%(HB)
were 0.2840,03 and 063040.02 cps respectively,

The exael reasen for thiz additionsl broadening is net known
but several processes besides proton exchange are probably effective.

First of all the OH proton may have 2 shorter relaxation time than the
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other protons. For example, the OH proton resonance in salieylie aeid

A

in the absence of exchange is 2 single, sharp line whose width is slightly

T

reater than that of the hydroxyl proton resonance of pebremeophenol (E/Tz

09

&l A
10 and 7 see. , respectively) (130). Secondly, the main resonance will
. . a3 - 16 R . . -
consist of a streng line for O «=H azbserption. Theres mzy be a small

.
18H ard 0“7H resonances with the larger contribu-

isotopie shift for the O
tion arising from the latter resonance (5)e. The ot7 isotope has a spin
of 5/2 which may lead to a quadrupole relexstion process (5). A ¢one

tribution to the OH resonance breadening may also arise from molecules

axisting in sclution in the form F.

Ha O
'~c Ho

I :
Cl Ct.
Hg
If the OH shift in F is slightly removed, even by 0.5 eps, from that

will lead to resonanes broazdening. How=

observad in the species E, thi

sinee the HlCG proton rescnance was always sherp and never bresdensd. A
coupling constant le was never observed., This may be compared with the
study of ketoesnol equilibris of peketo aldehydes (131) in which the coupe

OH»HB

from 1L to 12 eps,

ling constant J in ths hydroxymethylene ketons tautomer G ranged
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H...0

~
o”

\C—-—HB —_— Q

\
/C_C\ -

U\

the magnitude depending on the system and on the equilibrium betwsen G
and H tautemers in selution (H is the zldo=snol tautomer).

inally, phenelic impurities, dimer, trimer ate, formatiens in
very low concentrations in solution, in which the OH proten resonances
vary slightly frem the main phenolie resonance, may eauss additienal

broadening (69).

4o The Magnitude of the Bimolecular Rate Constant kl

The data in Table 3=XVIIT and Figurs 3-6 indicste that the pro-
ton sxchanpe reaction is second erder and bimelsowlzr (132) with respact
to 3,5=dichlorosalieylaldehyde. The sscond order rate constant kl (equatiens
 3=60 to 3-62) is 16.844.8 liters mole™ sec. ™t (equation 3=-64), The error
is the standard deviation from the mean,

Very few studies have been carried out on proicn exchange resce
tions invelving intramelecularly hydrogen-bonded protons., A concentration
study of the pem.r. speetra of salicylaldehyde in methancl selutiems (69)
has shown that protons exchange between the OH group of the aleohol and
that of selicylaldehyde. The upper limit for the exchange rate was ese

timated 2t 330 see,“l from the separation batween the two phenslic re-

sonances when they were both present, Consequently a proton eontributing
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to a strong intramolecular hydrogen bond is capable of exchanging, Further
studies were not caréied out on this system,

Forsen and Hoffman (101, 133) have applied the nuclear mzgnetic
deuble resomance technique to the study of exchange precesses, They
measured the lifetimes of the OH protons in a mixture of t-butylalechol
and 2-hydroxyacetophenocne in cs, (133) and in the system salieylaldshyde
and Z2=-hydroxyacetophenone with a trace of acetic aeid in Cs, (101). How-
ever these were enly exploratery studies, sensitive to the concentrations
of the catalyst, which only served te illustrate the principles of the
method,

The deprotonation rate of the OH proton in selicylaldehyde by
the OH ion in water is D lOlD liters male™t sece°l (134). This very
fast rate of proton exchange may be explained by the formation of hydrogen
bonds to water solvent molecules, Further, it has been pointed out (134)
that when an intramclecular hydrogen bend is present at the reaction site,
the proteon involved is not available for reaction unless this bond is

broken.

The rates of exchange of esrbexyl and hydroxyl protons of
salicylie acid with the OH protons of methanol have been measured (130).
In this system the methanol solvent moleculss also take part in the proe=
ton exchange mechanisms,

Finally, Garbiseh (131, 135) has pointed out that nuclear spin
state aversging resulting from rapid proton exchange should only oceur for
the intermoleeulsr preoeess sinee the spin state of 2 rapidly exchanging

proton is preserved during an intremolecular exchange (keto-enol equilibria).

This is further evidénce in support of the bimolecular mechanism under
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consideration.

The system under consideration is novel since it appears to
be the first studied with the proton exchange reaction cccurring between
two molecules, both with their exchangeeble protens intramolecularly
hydregenebonded., kl is about ten orders of magnitude smaller than the
deprotonation rate of salieylaldehyde by the OH™ ions in water.

The exact mechanism for proton transfer is not known but the
intramolecular hydrogen bond must first be broken. The nature of the
transition state is alse not knawn but two selute molecules must resect in
the rate determining step. Consequently the exchange process probably
occurs via dimer formation in the transition state, Due to the weak
solute~solvent interaction the solubility of 3, 5-diehlorosslicylaldehyde
in 6606 is greater than in C6H12° €S, or CCl4a The exchange process was
too slow to be observed in the latter solventse In acetone solutions
the rates of proton sxchange were too fast to be measured, Hence the
solvent doss have an effeet on the rates and the exchange process in
CePg solutions is solvent-assisted,

A rather large standard deviatien ( ~ 30%) is associated with
the magnitude of klo The exact reason is not known for this., However,
traces of impurities probably affect the rates and hence cause the scatter
of the points as seen iﬁ Figure 3=6, Consequently the rate expression
probably should include a term for ecatalyst (impurity) concentrations,
Even so, the data indicate that a proton exchange proeess in a system such
as this may occur, that this process is bimolseular and that it may be
measured by pe.mer. techniques,

The proton exechange mechanism is discussed further in the next

section together with the associated activation parameters.
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5o _The Magnitudes of the Proton Bichange gctivation Barameters

The magnitudes of the activation parameters of proton sxchangs
in Cglg solutions of 3,5-dichloreosalicylaldehyde at 80°¢ are given in
Table 3=XVIII. For a raferenee, the heat of formation,,éxH? of the intrze-
melecular hydregen bond in salicylaldehyde was astimated by applying the
linear relationship betwesn AH® and the OH stretching freguency shift

43V5H in the infrared on intermolecular phenol-base association (55).

1 for XCOH in phenol (66, 74, 90) and

Using magnitudes of 3611 em”
3150 cm’l in salicylaldehyde (70, 80), AH® is -8 keal./mele, An al-
ternate linear relationship (reference 53, squation 4) gives AE as

=7 keale/moles These valuss are approximate since the linear relstion-

ships were derived for intermoleculayr hydregen bond formation, the \TOH

shift in salieylaldehyde is net definite {70, 80, 90), the effest of the
two ¢hlorine atoms 15 neglected as is the eonjugation arising from the
formation of the bemembered ring. The latter effect would tend to ine
crease the magritude of A #°, Howsver these values will serve as -3
guide in the interpretation of the kinetie data.

The activatien ensrgy Ea is considered to bes the minimum emergy
differsnce between the reactants and the trensitien state or the height
of the energy barrier opposing the reaetion (136). The E, values were
obtained from the integrated form of the Arrhenius equation in whieh it
is assumed that E, is temperature independent. All of the sxperimental
Arrhenius plots are linmear and deviations from this equation are expected
to be small (136).

#

None of the setivation parameters with the exception of AG
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show a definite trend with concentration. The msgnitude of A G decreases
25 the rates increass, with the sxception of the 10 mole 4 solution, in
sgreement with equation (3 « 58). The magnitudes of E o A)H%‘ané

438% of the 2.5 mole % solution fzll cutside the 904 confidence limits

of all the other solutions,

The actﬁv&%ien energies are corsidered first of all. The intra-
molecular hydrogen bond must be broken and for this to oceur the phenolic
group must overcome the barrier hindering its internazl rotation about the
Ce0 bonde The barrier height for phenol vaper is 3.4 kealdmole (208, 105),
Tt is easier for the phenolic group, rather than for the CHO group to
break the intramolesular hydrogen bond by twisting out of the plans of
the ringe. For benzaldehyde, based on far infrared studiss, the barrier
to potatian about the CeCHO bond is 4,7 keal./mole in the gas phase and
607 koale/mole in the liquid phase (the latter value may be in error)
{137). Other valuss have been abtained for liguid benzaldehyde ranging
from 5,90 to 6,37 keal,/mole and are sunmarized in reference (137).

These magnitudes are in zgreement with the barrisrs to internal rotation
obtained in other aliphatic and aromatic aldehydes (138, 139).

The barrisrs to internal f@%&ﬁien are differsnt in the liquid
and gas phases because of the effect of neighbouwring molecules, reflscted
by the lower torsionsl barriers in gases as compared with the liguids (140),
This is supported by the free energy of activation zﬁta% for the hindered
internal rotation in dimethylnitrosamine obtained frem peror. cozlessence

temperature measurements, This value is about 2 keale/mole greater in the

liguid than in the vapor phase (141},
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A comparison of this data with the sxperimentzl aectivation
energies in Table 3=-XVIII indicates that the activation energies may he
reasonably acecounted for by the energy requirsd to break the intramole
cular hydrogen bond ( > 8 kesl./mole) and to twist the phenolie proton
out of the plane of the wing ( ) 3.4 kesle/mole). The latter value is
also probably larger than that measured for the vapor by analogy with the
above discussion and results. A similar approsch in accounting for the
magnitude of the activation energy was used by Meakins (142) in his
dielectrie absorption studies of ortho disubstituted phenols,

Another possible explanation of the magnitudes ef the asctivation
ensrgies is to assume that the hydrogen bond is broken by a partial twist-
ing of both groups ocut of the plane of the ring. Sinee = proten exchange
process is measursd, the correct hydrogen bend=breaking mechanism must
give the phenolic group enough freedem of wotation so that the proton may
assoclate itself with ancther selute melecule in the transition state and
thus exchange.

Due to the large stabilization energy associated with the CHO
group in the plane of the ring, the expérimental data suggest that this
groﬁp retains its hydrogenebonded erientetion while proton exchange takes
place. The planar sonfiguration of the CHO group 1s supported by the pem.r.
temperature studiss of 5~chlcres&licyléldshyde in CeDg (Table 3=V)o At
9500; when the proten exchange process is measuresble and the splitting

JOHeH has nearly disappeared, the splitting JCHOQH remains unchanged

B c
from that cbserved at 30°C. Hence the aldehydic long-range coupling still

follows the zig-zag path. This splitting was also eobserved at 115°C.



The effect of the solvent on the activation energies 4nd hence
on the transitliorn state is not knoym.

Considering the free energies of activation 45(3# for the pro-
ton exchnnge prccess, the measured values cannot be compared with literature
values since so few studies have been carried out on a system sueh as this.
AG" values for many other exchange processes, hindered internal rotation
and ring inversion sfudies are summarized in the review articles (5, 10).
Anet and pAlmad (102) have determined ASG% = 7.9 keale/mole for the internmsl
rotation of benzaldehyde in vinyl chloride solution at «1236C from the
temperature dependence of the pem.r. spectrum, This eontributes in part
te the measured AkG%s

The most interesting results in Table 3-XVITI are the entropies
of activation AS?é for the proton exchange process since these values are
large and negative. At first sight this is unexpected since a hydrogen
bordebreaking process 1s involved whieh leads to greater disorder, asseciated
with an increase in entropy.

However the entropy of activation reflsets "the difference inm
the number and character of the translational, retational and vibrational
degrees of frsedom between transition state and reactants' (143), Hence
the negative entropy of activation is an indieator of the nature of the

Yq

transition state and maey be viewed in terms of the shepsé of the potential
P ] 4
snergy surface of the reaction {144),
Consider a three-dimensional potential energy diagram with the

Z =direction representing the ensrgy, the ¥ ~direetion representing motion
X o b

along the reaction coordinzte and the X -direction representing all other




™o
2
™o

degrees of freedom. This three-dimensional surface hss 2 vzlley ree
presenting the reactants and is separated from a valley representing the
preducts by a ridge of high energy. This ridge may be viewed as an energy
barrier, If is not of uniform height but contains & saddle point in it,
the transition state., For any given rsacting moleculs this is the highest
energy that it mnst surmount in order te form z preduct. In terms of

the potential energy surface, the saddle point is broad when a large mume
ber of typical reaction paths are possible and the entropy of aetivation
is positive. However, if unusual constraints arise in the transition
state, the saddle point is constrained by steep side walls and lies in

a narrow defile. Then there are relatively fewer paths ever the energy
barrier. This represents z transition state for a reaetion assccliated wit
a negative sctivatlon entropy. Sueh a transition state "is one for which
very few motions other than that aleng the reaction coordinate are possible
without a large inerease in energy" (184),

The observed A Sié values imply that the transition stazte, which
is thought to involve the formation of a2 dimer between twe solute mols-
cules for proton exchangs to tzke place, forms with difficuliy. For exe
ample, one selute molecule may have to be in the corrsct steric configura-
tion with respest to another solute molecule for dimer formation to take
plaece, Svluts - solvent interaetions may contribute to or hinder the
formatlon of the transition state. As well, both intramolecular hydregen
bonds interfere with proton exchange and are constraints which must be
overcome, The exact nature of the transitien state and hence the meehanism
of proten exehange is not knowm except that it invelves the formation of

2 stereospecific dimer between two solute melecules,
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~

Large and negative 4;5$ velues have alsc been obtained in the

study of the racemization of &perlcally hindered biphenyls (145}, Thess

activation entropies ranged from =l.6 soue t0 «26,9 @ole, with the sverage
sbout =10 e@eu. They were interpreted in terms of an "unlikely arrangement®
that must be formed in the molecule se that the formation of the transi-
tiéﬁ state could be possible (145),

In Table 3=XVIII emphasis is not placed on the actual mag

nitudes of l&Si, since largs uncertainties ars asssciasted with them, but

only on the signs which definitely are negative, The uneertainty in A S’
is mainly proportionsl te the error in A H# (143, 146) sinee the evror in

4;6% ig small, A transmission voefficisnt ¥ of unity was assumed in
czleulating A G using equation (3 - 58) and this may be done without
introducing apprecizble error (143). As well, K enters equation (3 - 58)
as a log £ function which minimizes the uncertainty of #{ on AG,

The above discussion may be summarized by a graphieal represente

<

ation of the free energy change associated with the proton exchange rezctior

in CgDg sclutions of 3, 5-dichlorosalicylaldehyde (Figure 3=7)e Dus to the
unecertainty in the exact nature of the transition state, it is repressnted
by & dotted line. The configuration in the region of the transition state
is unknown but may include a "stable intermediate® (147), & possible
stereospeeific dimer formation such as is shown in Figure 37,

In conelusion an estimsie can be made of the AG for 3,5=

dichloresalicylaldehyde sclutions in CCl& in which proton exchange could

i




Figure 3»7

A graphical representation of the free energy change for
the proton exchange reaction in C6D6 solutions of 3,5«
dichlorosalicylaldehyde. A possible stereospsecific dimer

inveolved in the formation of the transition state is shown.
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not be measured. Howsver, assuming that a coslessence of the splitiing
JOH=HB securred at the highest temperature studied (124°C), the pssudo
first order rate constant k was evaluated by applying equation (3 = 47)
at this temperature, Bringing in a factor of 2 for intermolecular proton
exchange and assuming J OH«sHB = 0,57 ecps (Table 3=XII), k = 2.5 seeeal

#

and 4\(}# = 22,2 keal,/mole (equation (3<58)). This AG" is higher than
21l the values in Table 3-XVIIT and is the lower limit for CCl, solutions.
If the coalescence temperature is higher, AG")é will be still larger. Un-

fortunately, the activation energy for this solution camnot be estimated,
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SUMMARY AND CONCLUSICNS




4 study has been carried out on the proton exchange reactions

and the intramelecular hydrogen bond in benzens sclutions of 3, 5-dich-
lorosalicylaldehyde using proton magnetic resenance techniques,
By inereasing the temperature of the asbove solutions the mage

OH»HB

near the boiling point of benzene this splitting could be nearly eliminated ,

nitude of the leongerange splitting J decreased until at tempsratures
Therefore the pseudo first order rate constants for proten exchange for.
each solution were obtained by measuring the relative heights of the
ring proton peaks (HB} associzted with the exchanging OH proton with
respzet teo the heighﬁs of the ring protom pesks wnaffected by proton ex-
change (Hﬁ), The relative peszk heights and the rate constants are related
by squation (3 = 5l)e The activation paramsters were obtained by applying
the Arrhenius équati@n (3 = 54) and the thwory of absolute reaction rates.

| The pseudo first ordsyr proton excﬁamge rate constants wesre found
to depend on the concentration of 3,5-dichloresalicylaldehyde in solution
and the results indieate that the process is bimolecular (equation (3=60))
with respeat to the solute moleeules. The magnitude of the second order
proton exchange constant is 16.844.8 liters mele™ sec.”™ ., The error is
the standard deviation from the mean. Iﬁ is rather large, possibly due
to trazces of impuritiss in the solutions., However the data do indicate
the order of magnitude of the proton exchange reactien in whieh the ex-
changeable protens are intramolecularly hydrogen-bonded, A proton &xe
change reaction in s similar system has never before been studied,

The concentration and tempesrature effeets on the ring proten,

azldehydie and phenolic proton shifts indicate the prssence of a wsak
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interaction between the solute and solvent molecules. Hence the proton
exchange reaction is solvent-assisted., This is further supperted by
temperature studies carried out on CClq, Céle and C32 solutions of

3, 5=dichlorosalicylaldehyde in which the proton exchange rates were too
slow to be measured, In acetone solutions they were too fast,

The magnitudes of the aectivation parameters for the various
solutions are listed in Table 3«-XVIII. The activation energies are ex-
plained by the energies required to break the intramolecular hydrogen
bond and te twist the phenolic (and perhaps the aldehydic) group out of
the plane of the ring. The entropies of activation are large and negative
which suggests that unusual constraints must be overcoms in forming the
transition state. The exact nature of the transition state (and hence
the proton transfer mechanism) is not known except that it must involve
the formation of a steresspecific dimer between two solute molecules.

The rate constants could not be obtained by measuring the phenolie
proton line widths at half height as a function of temperature since these
were always slightly broader than the corresponding HB ring proton line
widthse The exact reason for this is not known but may be due to 2
shorter relaxation time of the phenolie proton with respect to the ring
proton, & small isotopic shift for the 018H and 017H resocnances or traces
of phenolic impurities, or dimer, irimer etc. formations in the selutions
in addition to the proton sﬁehange reaction.

The value of this study is that it shows that proton exchange

reactions may oceur in a system such as this, that intramolecularly




hydrogen-bonded pretons may exchange and that this rate of sxchange may

be measured,



RECOMMENDATIONS FOR FUTURE RESEARCH




N
)
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Very much work remains to be done on this system. Temperature
studies should be carried out on CDC].3 and CH,Cl, solutions of 3,5-dich-
lorosalicylaldehyde at variocus concentrations. These studies will ine
dieate the solvent effects on the rate constants and mechanisms. Both
solute and solvents must be purified before use. In conjunction with
Deltel's measurements, infrared studies should be carried out on the OH
stretching frequeneies of solid 3, 5-dichlorosslicylaldehyde and in the
various séluﬁionse This molecule should also be studied in methanol
where the solvent will definmitely play an important role.

At least several of the above studies should be repested with
34 5=dibromosalicylaldehyde as the sclute molecule, The effeet of ring
substituents‘@n proton exchange rates can thus be studied. These may
then be extended to ring-substituted 2<hydroxyscetophenonss in whieh the
intramolecular hydrogen bend is stronger than in the corresponding
salieylaldehydes.

Finally, an X-ray structural determination of phenol sheuld be
carried out so that approximate bond angles and bond lengths need net be

used in caleuwlations of the barrier to internzl rotation in phenol.
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