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 SUMMARY.

13C Chemical shifts of 4-substituted tricyclenes,

4-substituted camphors, l-substituted camphenes and
~ the 15
- terms of correlations with‘Hammett-type parameters,

C.N.D;O./2 calculations, steric effects and with the

N chemical shifts of diazoalkanes are discussed in

chemical shifts of similar compounds. '
The P -chemical shifts of the camphenes, caﬁphors
and tricyclenes are rationalised by estimating distances
of thep -carbon to substituent atoms and relating the
shifts to the magnitude and direction of the expected
l, 4 and 1, 5 effects.
The contribution of fiéld effects to the total
chemical shift of carbons is considered, and the correlation
of C(2) chemical shifts in camphenes and camphors with

linear free energy pérameter,d‘ is taken as indicating a

)
significant contribution from field effects at these carbons.
15N chemical shifts of diazoalkanes appear to be
affected by changes in both the mean excitation energy,
A E, and the electron density.
Dual Substituent Parameter (D.S.P.) co}relations of
the S.C.S. and electron densities of meta and para-
substituted, 1", 1, 1" trimethylammonio 2” -benzimides,
1', 1" dimethyl 2° -benzoylhydrazides and acetophenones provide
a means of exaﬁining electronic transmission in these series.
In addition, it is shown that inclusion of a contribution
from bond order to the effective electron density accounts
for the shift changes observed at the carbonyl carbon.
Extended or reduced conjugation between the benzene
ring and a 0 = C - N - ﬁ(Me3) group does not appear to alter
the mechanism of electronic transmission tc the carbonyl
carbon, as monitorediby the 13C chemical shifts of
para-substituted 1', 1', l'trimethylammonio 2’ —cinnamimides

and 2:pheny1acetimides, although in the latter case electronic



transmission to the carbonyl carbon is severely reduced.
Long range proton-proton couplings between‘H3 exo
and H5 exo in 4-substituted camphors and their nitrimines
are shown to correlate with ° and the nitrimine shows
diminished values with respect to the parent ketones.
From this it is tentatively suggested that the carbon-
nitrogen double bond in nitrimines is less polar than the

carbonyl bond.
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INTRODUCTION.

. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY]"2

Nuclear magnetic resonance (n.m.r.) spectroscopy
is one of the most widely used techniques in chemstry
and, whereas most laboratories now have their own facilities
for obtaining n.m.r. spectra, before 1950 n.m.r. held little
interest for chemistry. The discovery that the precise
reéonance condition for a given type of nucleus depends
on its chemical environment opened new fields of research.
In 1951 separate absorbtion bands were resolved for
chemically different protons in the same molecule.3 This
led to the term chemical shift to describe the difference
in resonance conditions required for the séme.isotope in
different environments. With this development, n.m.r.
became one of the most impdrtant tools in the study of

molecular structure,

All nuclei with odd mass numbers possess angular
momentum, magnetic moments and have spins of value I, where
I is an odd integral multiple of %. The maximum ‘
observable component of the angular momentum is I, the
.spin quantum number, and the permitted values of vector
moments along any axis are given in terms of the magnetic
quantum number, m, where

m=I, I =~-1,-----,14« I, -I

The magnetic moment, M= ¥ Ik

where h
¥

Plancks'!' constant

the magnetogyric ratio

There are 2I + 1 pdssible orientations or spin states for

a given nucleus. In thé absence of a magnetic field,

the states are degenerate. When a magnetic field is applied,
degeneracy is lifted and these states correspond to

‘different potential energy levels.



Nuclear magnetic resonance spectroscopy is
concerned with the detection and measurement of

transitions between spin states.

THE N.M.R. EXPERIMENT.

This experiment considers the effect of an applied
magnetic field on an array of magnetic nuclei with spin
€eJe ;2.

A magnetic moment, m, lies at an angle, © , to the
field axis (z axis) of the magnetic field, Hye The
interaction of Hy and B causes the nucleus to precess

about the z axis with angular frequency, V, , where

o = 8 H, (Larmor equation)
The spinningZ:;tion of the nucleus does not cause § to
change and the angular frequency is indepéndent of & .
The energy of the system, E = - }LHO cos® and thus depends
on the value of 6 . .

z
L
t
!
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fig.1l

If a small.rotating field, Hl; is generated orthogonzl
to Ho,up.experiences the combined effects of HO and Hl’ if
Hl rotates with frequencyVe . Under these conditions @

changes as the nucleus absorbs energy from Hl’



If © does not change H; will not remaln in phase with;k and
energy will not be transferred to the nucleus. The condition
for resonance is that at which energy is transferred. The
usual method c¢f producing rotating H} fields is to pass an
oscillating radio-frequency (r.f.) signal through a coil
whose axis is orthogonal to the Hg axis.

H°=0 ' HOA 0 | E ‘ m
4 ;
— + MHg -1/2
/
/
B | ———
SN
-\
N—— : -.’,_kHo _ +1/2
fig.2 .

The above classical approach for the interaction of Hg
and M may be expressed in the quantum mechanical statement,

- wHo = AE

where AE is the energy separation between adjacent nuclear
spin states as in fig.2. For nuclei with spin % only two

 states are possible and they have an energy difference

of 2 MHg, which corresponds to only a few millicalories per
mole. '
The relative populations of these states are given by

N_A

where N,, N_ are the populations of the upper and lower
energy states respectively.
The equilibrium excess population in the lower state,

n is given by

n ~ 2 M Ho o
leq  ~ > .

eq’

The excess population which can be maximised by
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increasing the field,causing a small moment directed
along Hgpe This small excess of nuclei (<1 in 105)ygives
rise to an observable n.m.r. signal.

At the resonance frequency, v, , energy can be
transferred between the two levels, A

The'probabilities of transition are proportional
to the populations of the two energy levels and, therefore,
the probability of an upward transition is slightly greater
4 than the probablllty of a downward transitione.

In n.m.r. experlments a8 slow sweep rate is used causing
Hy to pass slowly through the resonance condition and
therefore while excitation is occurring, the energy level
populations may equalise. If this occurs, no further
absorption is observed and the sample is said to be
saturated. ‘
NUCLEAR SPIN RELAXATION.

The process whereby an array of identical nuclei,

which are not being irradiated, in either the upper or lower
energy state return to their Boltzmann distribution is
termed Relaxation. »

The transitions between spin states in nem.r. occur in

the radio-frequency region of the electromagnetic spectrum.
There is no spontaneous emission of energy at these V
frequencies, such as that which occurs in the ultra violet
- and infra red regions. Therefore excited‘nuclei must
utilise other mechanisms to return to their ground states.
' The redistribution of the populations of the two energy
levels must arise from an interaction of the nuclei with
‘their surroundings, known as the lattice, which for a liquid
is taken as the rotational, translational and other degrees
of freedom of the molecular system. This process is spin
lattice relaxation. It is a non-radiative transfer of energy
and occurs by a first order rate process characterised by a
llfetlme, Ty, which is given by [ where, € , is the rate
constant for the process. Ty is the time required for the
difference between the excess spin population and its
equilibrium value to decrease by the factor e.

The spin lattice relaxation time, Ty, is also known as

the longitudinal relaxation time as it measures the time for
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the magpetization to decay in the direction of the field
axis (see fig.l). The value of Ty for a specific nucleus
depends on the isotope, its chemical environments, and the
physical state of the sample, For liquids T; is usually
in the range 10"‘2 - 102 sec.

The time for the magnetigzation to decay in thex, y
ﬁlane (see fig.l) is called the transverse relaxation time

or spin-spin relaxation time, T2.

SPIN-LATTICE RELAXATION,

There are several interaction mechanisms which can bring

~about the relaxation of different systems. In each mechanism

the relaxation is caused by fluctuating)localised magnetic

or electric fields in the sample resulting from molecular

motions, There are several ways in which molecular motions

can give rise to fluctuating local magnetic fields, the

important ones being: v —

1) Fields due to the magnetic moments of other nuclei.

2) Fields due to the spins of unpaired electrons. u

3). Fields due to variable electronic screening of the statlc
field H, (intra or 1ntermolecular).

For nuclei with spin I) 2 nuclear electric quadrupole moments

can interact with variable electric fields coupled to the

other degrees of freedom. This leads to electrical

relaxation as an additional mechanism.

In 13C nem.r. the most important types of spin - lattice
-relaxation are dipole-dipole,spin rotation, chemical shift
anisotropy and scalar relaxation. For carbon atoms bearing
protons dipole-dipole relaxation is the most importént
mechanism.

This type;of relaxation is caused by nuclei which have
I & O If two neighbouring nuclei are placed in a magnetic
field Hy the total magnetic field experienced by one nuclei
is HO plus the effect of the local magnetic field of the
other nucleus. The factors affecting this interaction are
the magnetic moments, separation and orientation of the two
nuclei relative to Hgp. -

In a liquid, the nuclei are rapidly changing their A
relative orientation with respect to Hgp. This gives rise to
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rapid fluctuations of the total magnetic field by

altering the magnetic field between the nuclei. These

"fluctuations effect the relaxation. of the nuclei.

Intramolecular relaxations dominate the relaxation
of,13C nuclei so the tumbling of molecules and other
rotational motions are the most important motions in the
relaxation of this nucleus, The efficiency of the
relaxation of carbon atoms by protons, using dipole-dipole
relaxation, is determined by two factors '

(i) Dipole;dipole relaxation is proportional to the
square of the magnetogyric ratio of the nucleus
being relaxed and of the nucleus causing relaxation.

13C and 1H nuclei both have high magnetogyric ratios
and therefore dipole-dipole rélaxation is efficient
between these two nuclei.

(ii) It is also proportional to R-G, wheére R is the
internuclear distance between the nucleus undergoing
relaxation and the nucleus causing relaxation. The
nature of this relationship implies that the efficiency
of this process attenuates rapidly with increasing
internuclear separation. Thus carbon atoms bearing
protons are most easily relaxed and dipole-dipole
relaxation dominates the relaxation of these carbon
atoms. _

The average frequency of a localised fluctuating magnetic
field determires its effectiveness in causing spin relaxation.
Molecules of different sizes tumble at various rates in solution
and it is difficult to dissect characteristic motions from
the overall effect. However, it is not necessary to measure
the effect of each type of molecular motidn‘and we need only
consider the average time for the molecule to rotate through
one radian. This is called the effective correlation time,
tes | | |

The most effective dipole-dipole relaxation occurs at
frequencies in the region of the Larmor frequency which is
2.5 x 107 Hz at 23.5 k.G. or 1.6 x 10"8 rad/sec. for 13C
nuclei, corresponding to a correlation time of 7.x lO_9 sec.

The effect of t¢ on the magnitude of T is shown in
fig.3.
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fig.3 demonstrates that in the region t. < 10'-8 sec.
_T1 increases as t. decreases, whereas when t. >10-8 sec.
Tl increases with tc. For medium sized organic molecules
(molecular weight, ca 150) t_ is of the order 1071° - 10713
sec. depending on solvent and temperature. Larger
molecules tumble more slowly because of their size and due
to increased interaction with solvent molecules. Restricted
polymer systems have tc values approaching the minimum
(10-9 sec.) in fig.3. Hence large molecules can relax .
more efficiently than small rapidly rotating molecules.

For tc values greater than lO-8 sec., as .are found in
solid state n.m.r. the situation reverses and molecules
.which tumble faster relax more efficiently. |

‘The other mechanisms of spin-lattice relaxation become
important in certain circumstances.

Spin rotation relaxation (S.R.) is important in small
molecules and freely rotating methyl groups which can be
relaxed utilising rotational states of the molecule. It

some .... . dominates the relaxation of non-protonated carbons
“and two melecules in which S.R. dominates in the relaxation
of’}?c nuclei are carbon disulphide and the methyl group of

toluene. It is fouhd that for molecules where S.R.
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dominates,T1 decreases as the temperature increases.
Chemical shift anisotropy (C.S.A.) is a fairly rare

contributor to the overall T It arises from directional

differences in electronic eniironment of the nucleus which
can give rise to fluctuating magnetic fields when the
molecule  tumbles in solution. The C.S.A. T1 Varies
according to the magnetic field strength and a typical
carbon atom with significant C.S.A. contribution in its

overall Ti is the carbon atom marked ¥ in the molecule (1).

Scalar relaxation occurs when a nucleus is spin-spin
coupled to a nucleus which is undergoing rapid spin-
lattice relaxation, usually byquadrupolar relaxation,
this situation is usually confined to nuclei with I)»l.
The spin-spin _interaction causes a fluctuating scalar
interaction between the two nuclei and is a significant
contributor to the overall T1 if the other nucleus is
spinning with a frequency close to the Larmor frequencye.

This mechanism also contributes to spin-spin
relaxation, T2, and hence nuclei relaxed by this 13
mechanism are usually significantly broadened i.e. C
coupled to 14N (see next section). The mechanism also
dominates the relaxation of ‘C - Br in bromobenzene,
SPIN-SPIN RELAXATION.

In high resolution n.m.r. the individual transitions

give rise to signals approaching their natural linewidths,
AV, thus the Heisenberg uncertainty principle is
applicable to this system and 49 .At 1.

The life time of the upper state ii limited by Tl

thus Av is expected to be of the order Tl which for

liquids is about 0.1 - 1 Hz,.
It is found that in certain cases line broadening

occurs because another relaxation process spin-spin
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relaxation, T2, is the dominant relaxation process., This
; process arises from the interaction of
neighbouring magnetic dipoles.

&5

W

fig.4

If two nuclei precess about the H, axis and they

lie close together in space they can igteract in the
following manner. The precessing moment has two

- components, where in fig.4, (a) is static and aligned
with the Hg

precessing in thevx'y plane, If(b)rotates with a

axis and (b) is a rotating component

frequency which can cause a spin transition in the
~neighbouring nucleus, there will be ‘a spin exchange with
no change in the total energy of the system, but the
lifetimes of the interacting spin states are affected.
T2 is thus concerned with magnetization changes in the
X Yy plane and is called the transverse relaxation time.

FOURIER TRANSFORM N.M.R.

The sensitivity of nem.r. signals of protons are
5,700 times greater than those of carbon-13 nuclei in
the same magnetic field. This is due to two factors
(i) 13C has only 1l.1% natural abundance of the carbon

content of a sample. | ‘ |
(ii) the sensitivity of a nucleus in an n.m.r,.
| experiment is proportional to the cube of its
maghetogyric ratio. The ratio 8;2 Xé is 4 : 1
thus (8,7 : (¥,)> is 64 : 1.



fige 5. The pulse n.m.r., experiment in the
rotating frame.
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In the earlier types of n.m.r. spectrometer the
nuclei were scanned by the continuous wave method. This
had the disadvantage that only one frequency could be
observed at a given time. Rapid sweeps increase the
amount of r.f. power which can be used but limit
resolution and do not greatly enhance the signal to
noise, S/N, ratio. -

In order to overcome the inefficiency of single
frequency observation methods, all the nuclei in a
sample are excited at the same time and the total
response of the sample is observed. This is accomplished
rby applying to the sample a short r.f. pulse, 50 M sec,
which excites a finite bandwidth of frequencies,
ca. 5,000 Hz, by nutating the nuclear spins away from their
equilibrium orientation with the magnetic field. For this

purpose a high power source is required.

THE ROTATING FRAME OF REFERENCE AND THE N M.,R.EXPERIMENT.

This is a simplified method of considering the effect
of a series of pulses on an idealised array of magnetic
nuclei. In the absence of a magnetic field the sum of
all the individual magnetic moments, M, is zero. When
the sample is placed in a magnetic field, the nuclei
" interact with the lattice and an equilibrium excess of
‘nuclei in the lower energy level is established. This
causes a small net magnetization, LY aligned with the
direction of Hg, (z—axis),(fig.S(b). When the sample is
irradiated by an r.f. field applied along the x axis in the
rotating frame, this turns M out of alignment with Ho and
towards the y axis, fig.5(c).

' When the field is applied in the form of pulses, the
length of the irradiation time determines how far M tips
away from the 2z axis. The time necessary to tip M through
90° must be experimentally determined. If this time, the
pulse width, is doubled then the net magnetization tips
through 1800,(4). A 180° pulse applied to a fully relaxed
system causes a Boltzmann excess to form in the higher
energy level. This is called a negative spin temperature.
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After any pulse sequence spin lattice relaxation,
Tl, occurs in thg z direction whereas spin-spin
relaxation, T2, occurs in the X y plane. The n.m.re.
spectrometer only detects signals in the x y plane
hence no signal is detected after a 180° pulse

[(e)-—e'(i)-—é (b)] . If a pulse is applied at 90°

. . pracesses
to My, M lies in the x vy plane. T, and TzAsan now
occur, M moves upwards to MO along the z axis and

simultaneously the x y magnetization relaxes to zero
ésafunction of T2 This dephasing process gives rise

to the n.m. r. signal and no further 51gna1 is observed’
after the x y magnetization has completely dephased, even
if the z axis relaxation is not complete, as occurs when

T1 is greater than Tye

THE FREE INDUCTION DECAY (F.I.D.)

After an array of nuclei has been excited by
irradiation with a short r.f. pulse, the nuclei e~:: >
energy at their precession frequencies. The receiver
detgcts this in a pattern called afgree induction decay
(F.I.D.) which corresponds to the #rradiation of all the
frequencies absorbed by different nuclei in the sample,
as the spins return to their equilibrium position.

If a sample containing a single type of nucleus is
irradiated at its resonance frequency with suitable r.f.
power to nutate it through 900, the F.I.D. will appear as
a smooth exponentially decaying curve. If the frequency
of irradiation differs from the_resdnance frequency, the
F.I.D. appears as an exponentially decaying sinusoidal
curve, The fregquency of this sine wavé is the difference
between the centre frequency of the r.f. pulse and the
Larmor precession frequency of the nucleus. If the F.I.D.
is recorded for a given périod of time the precession
frequency (in cycles/sec or Hz) is obtained by counting
the number of cycles through which the F.I.D. passes in
that time. -

The Fourier transform (F.T.) of the F.I.D. is the
steady state resonance spectrum. For the case above this
cbrresponds to a single line. The same procedure applies



-] 2

to more complex situations when more than one energy
absorption occurs. The Fourier transform of the F.I.D.,
in this case, is a series of lines corresponding to the
precession frequencies of the individual nuclei and is
identical to that which would be obtained by the
continuous wave technique.

The time taken for‘individual frequency components
to decay defines the linewidth of each signal and
frequencies which decay slowly give the best resolution
after Fourier transformation. In general the pulse
technique produces spectra with truer linewidths than are
obtained by the continuous wave (c.w.) method.

The aquisition of pulsed specfra is seriously limited
by the condition that the pulse repetition rate must be
greater than the longest Tl’ so that the system returns
to equilibrium after each pulse. Routinely the interval
between pulses is five.times the longest ‘I‘1 in the sample.

The increased sensitivity of pulsed n.m.r. over C.we.

for a single pulse is given by the expression
1

Total chemical shift range 2

linewidth of the narrowest sigﬁal

This is theoretically about 100 for 13C nuclei
although in practice‘the enhancement from this source
is only about 10 fold.

A further improvement over c.w. techniques is
obtained in terms of the time needed to obtain a given
spectrum. Both methods utilise time averaging to
improve the signal to noise, S/N, ratio in a spectrum.
For the c.w. method up to several thousand 50 sec.
scans can be aécumulated, whereas in pulsed n.m.r.,
ca, 1 million O.1 sec. pulses can be recorded in the same
time. The S/N ratio improves as the square root of the
number of scans or pulses;so a given S/N enhancement can
be obtained in a much shorter fime by pulsing,giving a
time improvement of greater than 10O0. '

Further S/N enhancements may be obtained from the

Overhauser effect during decoupling.
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DECOUPLING OF N.M.R.SPECTRA,

Each carbon in an organic molecule spin-spin couples
to any directly bonded protons and those two to four bonds
distant. These couplings tend to complicate and impair

the resolution of a 13

C ne.m.r. spectrum of the molecule,
Wide band proton noise decoupling simplifies the
carbon spectrum, reducing all the multiplets caused by
13 1
C -

decoupling all protons in the sample. This increases the

H spin-spin couplings to singlets by simultaneously

sensitivity due to the simplification of the spectrum and
there is also an increase in the S/N ratio as a result of
a by-product of decoupllng called the Nuclear Overhauser
Effect (N.O.E.).%

Irradiation of the protons disturbs the population
of the upper and lower proton energy levelg, and on
equalisation of the populations of these levels the 13C
proton spin-spin coupling is removed. The carbon nuclei
are relaxed by spin lattice relexation involving dipole-
dipole interactions with neighbouring protons. The change
in proton energy level populations on irradiation causes a
greater excess of nuclei in the lower carbon energy level,
at equilibrium, than is expected from the Boltzmann
distribution. This increase in population means that the
nuclei can absorb more r.f. energy at the resonance
frequency and leads to a greater peak area of the signal.

The theoretical increase in peak area for decoupled
spectra (Ip) over non decoupled spectra (Ig), the integrated

intensity ratio %2 is 2.988 for 13 ,5 which corresponds
0
to a maximum N.O.E., In _ 1, of 1.99.6 Proton bearing

. Io
carbon nuclei in molecules of molecular weight greater than

150,generally have N.O.E. values approaching the maximum;
also in large rigid molecules, non proton bearing carbons
have been observed to give the full N.O.E.

There are two reasons why integration of the peak areas
of signals in decoupled spectra do not correspond to the
numbers of nuclei giving rise to the signal. One is that
the N.O.E. varies for different nuclei in a sample and for
carbon nuclei is dependent on the importance of dipole-
dipole relaxation in the overall relaxation of the nucleus.
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The second reason concerns the different rates of
spin léttice relaxation of the various atoms in a sample.
In an F.T. experiment the pulse repetition rate is of the
order of Q.1 to | sec whereas the spin-lattice
relaxation time of most organi¢ compounds is - 1 to 20
sec and it takes about five times the spin lattice
relaxation time to restore the nuclear spin state
populations to their thermal equilibrium value. Thus
nuclei with long T1 times will not have sufficient time
to fully relax between successive pulses. The signal
from partiaily relaxed nuclei is not as intense as that
from a fully relaxed system, since the signallintenéity
is proportional to the number of excess nuclei in the
lower energy level.

If a nucleus has an exceptionally long relaxation
time then its signal may be too low in intensity to be
visible in the spectrum. In such»casgs it is
advantageous to add a paramagnetic material to the sample.
The magnetic moment of the unpaired electron is about 700
‘times that of a proton; thus all the ﬁuclei in the sample
relax much more efficiently as a result of dipole-dipole
interactions of the nuclei with the electron, and this
process will dominate the total relaxation of the sample.
A common paramagnetic reagent is Cr (acac)3 , and this7was
claimed not to change the chemical shifts of the nuclei’,
a view Which has recently been chailenged.8
METHODS OF DECOUPLING.

' Ernst9 developed a practical way to achieve complete
proton decoupling in 13C spectra by using a single proton
decoupling frequency as the centre of a finite excitation
band. The siﬁgle frequency was modulated by a pseudo random
‘noise generator yielding effective excitation throughout
é-preset bandwidth, corresponding to sequential irradiation
of all proton frequencies within the time necessary to
observe all the carbon resonances. A 10 fold enhancement
for the pulse technique over the c.w. method is obtained
from the collapse of the multiplets and Overhauser
enhancement.,

Wide band decoupling results in the loss of all
spin-spin coupling information. A technique called single
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frequency off-resonance decoupling,which'allows the
retention of direct carbon hydrogen spin-spin coupling
data but removes all long range carbon hydrogen spin-spin
Coupling, is achieved by maintaining proton irradiation
at high power levels but the centre ffequency is moved
500 - 1000 Hz distant from the proton frequencies which
are to be irradiated; The excitation bandwidth generator
'is not used in this type of découpling.

Off-resonance decoupling yields the following
information which is very useful in assigning 13C spectra.
Non proton,beéring carbons, methine, methylene and methyl
-carbons appear respectively as singlets, doublets, '
triplets and quartets in the off-resonance spectrum.

The spin-spin coupling between carbon and hydrogen,
JC-H’ observed in the off resonance experiment is not the

true JC-H but the residual coupling, JR, and is given by
the formula:- ' )
JR S JC—H X SZ
¥H,
2 N
where JR = the observed spin-spin coupling
JC-H = the true spin-spin coupling
8 = The number of Hertz the centre frequency
Z .
of the source of proton irradiation is
distant from the signal being decoupled
¥H
i7€. = the radio frequency power of decoupling

The usual type of decoupling employed in proton
spectra, proton homonuclear decoupling, is occasionally
useful in assiéning 13C spectra. If from proton spectra
-the resonance frequencies of protons coupled to specific
carbons'can be recognised, then these protons are irradiated
at low power in13C experiment, resulting in the collapse
of the signal for the carbon bearing protons to avsinglet,

whereas others remain as multiplets.
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THE THEORY OF THE CHEMICAL SHIFTIO

For a given nucleus A the magnetic field Hp
required to bring about the resonance condition at a
particular irradiating frequency,Hg,is given by :

Hy = Hy (1gc'A)

whereCYA_is the screening or shielding constant and
is a function of the chemical environment of the nucleus.
Most attempts to calculate the value of this
shielding constant on theoretical grounds are based on
the Ramsey equation11 which was developed from second
order perturbation theory. This equation represents
the difference between two terms of comparable‘magnitude;
one of these terms requires detailed knowledge of the
energies and wave functions of all the excited states
including those in the continuum, thus its practical use
especially for large molecules is limited.
A simplification suggested by Saika and Schlichter12

involves the partltlon ofCTA into several components thus:
BA

SIFY —CY + G’ +\ T
dia para B ¢+ A

Pople13 further portioned the third term in the above

expression into separate inter and intra atomic terms:

AA AA BA A ‘ A
CTA = O . + O + Mg + o + o
dia para B £ A deloc solv

The first three terms represent intra atomic terms, the
fourth represents inter atomic terms,
o AA , the diamagnetic shielding term, is associated

dia
with the electrons moving freely round the nucleus in a

spherically symmetrical s state and represents the

diamagnetic Lamb term14 which is derived from Ramsey's
formula: 4
2 g Y <O
a dia 3me2 . £ i
- 1 )
ri'l is the.mean inverse distance of electron i from

the nucleus of interest.
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cyAA , the paramagnetic shielding term, is a local -

~ para
corrective term which takes into account the non

spherical electronic nature of the 3tom -, resulting

- from the mixing of ground and excited states by the
applied field (n, p electronic states).
c’BA represents a summation of contributions to A from

BzgA
intra atomic current induced in all atoms B £ A and is

related to their magnetic anisotropy.
A

deloc
cyclic systems. This contribution arises from the current

is an inter atomic contribution which applies to

produced by electrons which are delocalised in the ring
of the molecule i.e. the 'ring current’'. ‘
crsolv represents the contributions of the splvent to the
screening of A.

Such a calculation obviously involves a significant
error and the absolute screening constant cannot be:
calculated. However, differentisl shieldings may be
assessed and the smaller the number of contributions
involved, the more accurate the computation.

The dominant term in the above expression as applied

to carbon screening iscyAA . 'Karplus and Pople derived

para ,,.
"~ the following expression for g
para
c AA - 2% (ap)t /2 SV quB
para 22 (= B, A

Several expressions were derived forC s the one
para
above is the most practical and it contains several

simplifications:

-e? H2 . .

= is a constant and the negative sign corresponds
2mc '

to the paramagnetic effect.

1 . . 1 . .
s the value of h r he dist
~7:§ i mean (o] Fg where is the distance

betweenpthe nucleus and the 2p electrons. An electron
withdrawing group shortens the distance between the nucleus
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and the 2p electrons. This increases the negative value

of oﬁA causing a paramagnetic shift.
~ para
(AE) is the mean excitation energy and is a semi-

empirical term which is substituted for (Ej - Ej) in the
full expression. : ,
(Ej - Ei)is related to the excitation energy of the
molecule associated with the m.o. transition of electrons
in the occupied orbital i to the unoccupied orbital j. ‘
Many attempts have been made to calculate a value for AE.

16 considers that for an Sp3 hybridised alkane carbon

Pople
value,10 e.V, is a good approximation.

’I;khe electronic transitions n- n*, 0'-%0'* and
0-M are related to AE, thus electronic and photo-
electronic spectra offer in principle a means of estimating
the mean excitation energy. Mason17 has shown that AE
decreases as A max. increases in the series.
CHy (140 nm) ; Cp Hg (150 nm) ; C, Hg (156 nm) ;
C4 Hyp (163 nm).

- Since o is a function of A E, a paramagnetic shift
ara '
of the 13C chemical ,shift arises from a decrease in the AE

value and the low field resonance observed in unsaturated
compounds with respect to alkanes can be rationalised on

" this basis.

Alkanes Alkenes Ketones
AE 10 8 7
(in e.v.)
o AA is generally considered to contribute less than

dia 18
10 per cent to the total screening™ ~.

The calculation of the diamagnetic screening constant
presented certain difficulties as it required a knowledge
of molecular electronic wavefunctionse. However, Flygare
and Goodisman19 calculated an all atom value for 63 by tne
contributions of all atoms in the molecule to the free atom
shielding. However, the all atom 5aincreases monotonically
with the number of electrons in the molecule and can become
very large, for example, with increase in alkyl substituents.

In order to obtain a truer measure of o4 , Masonl
proposed the use of a locsal ca y obtained by summation over
only the atom in question and those bonded directly to it.
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With this method Mason has been able to explain the
relative deérease of the paramagnetic shift of the
carbon atom resonances in chloromethanes due to
increasing halogen substitution. Mason's proposal to
include only a diamagnetic contribution from the atom
in question and atoms o« to it,has been criticised as
leading to artificially large values for the diamagnetic
contribution and thus to important substituent effects.
Lippmaa20 argues that there is no reason to include
only x effects and the inclusion of a B contribution
would make the calculated diamagnetic contribution too
'high. Witanowskizl'calculates that the diamagnetic
contributions to the 15N chemical shifts obtained by this
method are of an order of magnitude larger and of opposite
sign from the values expected.

A great deal of work has been devoted to the magnetic

anisotropy contribution c'BA of the proton chemical

B # A
shift, As this term depends only on the nature of the

neighbouring atoms, the results of the proton spectroscopy
should be applicable to other nuclei. The anisotropy
contribution is usually only a few per cent of the total
screening constant for carbon and it is usually ignored.

When the shielding arises from bonds of axial symmetry
(single and triple bonds) the paramagnetic contribution of
neighbouring atoms16 may be written as:

BA -1 B (1 -3 cos®® )
(o)) = —_ Z&;( %3
BEA 3N E7a B
B _ 8 B
LX = Xy~ Xy
where N is Avogadros number

B and 7<}3 are the components of magnetic
L

;(n
susceptibility tensor which are parallel and
normal to the direction of symmetry axis.

R, is the distance A B

B
©® is the angle BA makes with the symmetry axis

The expression is, however, only approximate22 as the
shape of the electronic distribution is not taken into ’

account and.crBA represents a long range shielding.
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Anisotropy has frequently been invoked to explain
discrepancies between observed and calculated chemical
shift values., The deviation of heavy halogen

1H and C
chemical shifts of substituted methanes and ethanes with

substituents from a correlation of the 13

substituent electronegativity are attributed to this

effect.23 These ideas were extensively adopted in much
of the L3¢
and mid 1960's.

Cheney and Grant24 argued that the neighbour

shift work that was reported during the eafly

anisotropy effect could not account for such large
contributions to 13C chemical shifts. Since the effect
is dependent bnly on the geometrical relationship of the
nucleusiand the magnetically anisotropic group, and is
essentially independent of the nucleus, there is no reason
to expect that neighbour anisotropy effects on 13C
shieldings should be an order of magnitude greater than
for 1H. Thus in the caserf atoms that are not directly
bonded to the substituent, deviations from the correlations
of 13C shifts with substituent electronegativity are not
attributable to the neighbour anisotropy effect.

Many theories have been postulated to explain the
anomalous influence of the heavy halogens on 13C chemical
shifts. Schaefer et glzs rationalised the effect in ethyl
halides by invoking intramolecular dispersion forces
exerted by the halogen on the methyl carbone. This
intramolecular field effect was postulated by analogy
with the intermolecular dispersion effect found in

26 proposed that

halogenated solvents. Litchmann and Grant
the large increase in carbon shielding on substituting
methane with iodine was primarily of steric originj another
possibility is that the increase is due to high ionic
character in the C - I bond.27

In heavy atoms such as lodine,a ‘spin polarisation!
shift (L S shift)28’29

interactions could be responsible for the

caused by large spin orbit coupling

substituent effects shown by this atom. The interaction is
caused by coupling of the external field with the electron
orbit, L, and the electron spin, S, the latter term also

coupling with the nuclear spin, I. The spin polarisation


























































































































































































































































































































































































































































































