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ABSTIìACT

The triptycene AAtBlit nucl-ear magnetic

resonance spectrum is analyzed. The proton shifts

rel-ative to internal- tetramethyl silane are determined

to be 2.80 p.p.m" (on the ,l- scal-e) for one class of

ring protons and 3.tL p.p.m. for the other. The

coupling constants for the system are determinecl:

7.58 and, 7.2I cycles/sec, for ortho couplings between

equivalent and nonec¿uivalent p:rot-ons respectively,

I"22 cycles/sec. for meta coupì-ing and O"57 cycles/sec.

for para coupling"

The best predicted val-ues for the çhemical

shifts of ring protons ¿"ö3 p.p"m" and 1,08 p.pom. are

obtained on the basis of ring current tabl-es and

approximate sub,stituent effects"

The proton shift relative to internal- tetra-

methyl sil-ane for the bridgehead hyrlrogens is 4"79 popollto

on the f scal-e. A val-ue for the C13-fi coupJ-ing constant

of the bridgehead hydrogen is predicted to fal-I near the

range Lb6 * L5O cycles/sec"
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TNTRODUCTION



A - THE NUCLEAR IVIAGNET]C RESONAI\]CE T}IEORY

The nuclear magnetic resonance method is described

in a number of reference works (f, 2, 3). As in the quantum

theory of electronic energy l-evels in which the electron is
assigned a spin, certain nuclei are asslgned an intrinsic
spin angular momentumo fn cl-assical terms this implies a

circul-ation of mass about an axis and is depicted as a

vector quantity a (Figure 1).

Figure J-: Nucl-ear spin model

The quantum theory of matter requires that there ,b" a

l-imited number of angular momenürrn states in which the

system can exist" ft is not possibLe to describe a

ttstatert by giving the direction of its angular momentum,

but only by giving the component of the angular momentum
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along some arbitrary direction commonly taken as the z

axis, Quantum mechanically, the angular momentum is
quanti z,ed,,:,', according to the equation

(l) 
^r: ßrñ

where m: r, (r - f)o .øà o, o.o -(r - 1), -I

'ñ : L and h is Planckts constant¿¡ zlY

a_ is the z component of the angular momentum and
z

I is integral- or haLf integral,

In the classical- morlel- the anguLar momentum is represented

bythe vector g of magnitude

lel=
and can assume only the orientations which give the above

z componenbsu

The cl-assical model- treats the nucleus as a

charged particle. ff the nucleus possesses a spin, there

is also a circul-aüion of charge which generates a magnetic

moment. This magnetic moment is represented by a vector

/-
on

(z)

which

atomi-c

(¡)

where ep is
mp is
cis

The comect

(t)

lies along a (Figure 2) * Classlcal calculations

hydrogen yi-eld

: ,dç., a

the charge of the proton

the mass of the proton

the velocity of light

rel,ation, however, is found to be

r(r + r) 4

: .s ,rftu, a
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Figure ?t NucLear spin modeL

where g is the nucl-ear g factor corresponding to the

Landé factor" An al-ternative expression is
:ua
(Ufilã) is the magnetogyric ratio'

foll-owso then, that

#
ct
è) rr

(5)

where Y =

( 6a)

(6b)

where p o is

In

of the vector

tPl
l*l
the

the

: gf qeì
'2mp c'

= s7".,ßtr_*n
Bohr magneton =QPfi ^' 2mþc '

absence of a magnetic fiel-d,

wiLl- not have any effect on

11

the orientation

the energy of
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the nucl-euso

and equally

netic field

between the

(Figure 3) "
n)

(t)

where m

and (S)

The angular momentum states are degenerate

populated" In the presence of an appi-ied mag-

Hoo however, there i-s an energy of j-nteraction

magnetic moment of the nucl-eus and the field

E- -P'Eo: -fr" cosê= -frro

a = ríît
z

þ

¡t cos3

Figure l: The nucl-eus in a magnetic ir"td

The nuclear magnetic moment is quantized

corresponding to the anguÌar momentum" Thus the z

component of the magnetic moment vector can take on only

certain val-ues (equation 1)"

r,

fz



It is apparent that the energy of interaction

is quantizerj.. , In the case ofthe hydrogen nucleus the

nucl-ear spin or angular momentum is I/2" Then

(9) I: I/2
(10) m: !t/Z
( lt) E*å = L/z e I or"

(n) E_È : + t/z s 
J)oHo "

The two proton spin states are rendered non-degenerate

by the application of a magnetic fiel-d and are separated

by the energy difference f f or" fn the classical model

these two states are depicted as two ori-entations of the

spin vector (Pigure 4) "

,(¿ +

g p" T-1"

a-ù

Figure 4: Energy levels for I = I/Z

A temperature dependent equilibrium exists

between the spin states as deËermined bythe Bol-tzmann

¡

E = -Z I
2

I
I
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factor" Transitions, however, may be induced between

the energy l-eve1s by the applicatlon of a magnetic fiel-d

oscil_l-atlng in the radiofrequency region" Application

of the relation
(13) AE=hr¡

to this case gives

(f¿+a) nt): gfoHo

(r¿*u) : BpoHo
-T-

where tt is the frequency associated with the energy

transfer and hence the resonance frequency. Application

of a source of energy of t he sa:ne frequency as the

resonance frequency is accompanied by an exchange of energy

and gives the resonance peak observed in the nucl-ear

magnetic resonance method"

I-=&x É-{ 
o

Figure 5: Precession of the nucLear magnetic momenf
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The resonance condition may al-so be explained

in terms of the classical rnodel" There is a permanent

torque T, acting on the nucLeus.

J. = I)xïor

t)

of

Since the magnetic moment vector ¡,1 lies along the spin
F

vector a, the torque produces a precesslon of the vector

about the z axis (Figure 5) " The rate of precession

the magnetic moment is rel-atecl to the torque by the

rel-ation
(16) å = L = r) xHooacr

With equation (5) this result may be expressed

(rz) # : t*p *¿o).

The anguJ-ar velocity of the precession is then given

(15 )

?fr-L oxl¡þ\
by

I Ho,(18) t¡¡ (in radians/sec.) = {!IJ-e19 /-oE-l :
2îf P sin €'.

ff in addition to the magnetic field Ho, a second,

smal1er, magnetic field L is applied perpendicular to

the principal- field Ho there will- be a second torque

acting on ùhe magnetic moment U , The effect of this
I

torque is.to induce precesslon about an axis perpendicular

to the field Ho" Due to t,he rapid precession o f Y about

the field. Ho, the incoherent direction of the torque due

to H. produces only a slight wobbl-e in the precession of
-t

p_ , ff the applied field H, is an oscillati¡g fieldr
of frequency Ð,: f Ho, then the effect of this fiel-d is 1n



I

phase wlth the precession about IIo, and the constantLy

directed torque can flip the magnetlc moment to another

of its rrstatesrr or orientations" This condition, the

resonance condition, is thus marked by a transfer of energy.
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THE NUCLEAR MAGNET]C RESONANCE METHOD

The experimental nuclear magneti c resonance

method consists of a sample placed in a large magnetic

field Ho, the precession of the nuclear magnetlc moments

l), at a rate tl)* determined by the field Ho, and the
f.')- r-

appLication of an oscil-lating magnetic field perpendicular

to llo, To observe the resonance condition in a nucLear

species i, the frequency of the oscillating fielci must

equal Ui, The two methods for obtaining the resonance

condition are: a) varying the frequency of the applied

oscillating fleld until it is equal Wii b) varying the

main field FIo in magnitude thus altering the precession

frequency ui to equal the fixed frequericy of the

oscillating fiel-d which is the resonance frequerc}rø

On the basis of this cl-assical modelo the

frequency of precession lrof a nuclear magnetiC moment

l), is expected to be
|-L

( }e) w. :
l_

v¡Lrere tri is depend.ent on lgt e This however is

applicable only to the case of a bare nucleus. rn the

physical situation encountered j-n actual- measurements,

the nuclei under study are surrcunded by el-ectrons, The

applied field !o creates d.iamagnetic currents 1n this

electron cloud, and an induced field Hr is generatæd

which is opposed to the apptied field" The induced field

is proportional- to the applied field

t.Ho
I
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(zo) Hr : -riËo

where F* is the shielding constant and is characteristicI

of atom i and its nucl-eus" The nu.cleus is shielded and

the effective field Heff at the nucleus is

(zta\ (Ei)"rr = Ho + Ei

(er¡, tEi)err=Eo(r -i).
This shielding constant is, to a large extent, dependent

upon the el-ectron density of the eLectron cloud surround-

ing the nucLeus" The electron density in two identical-

atoms in different chemical situations the methyl

probons and the aLcoholic proton in CHrOH for example

is obviously different due to the electronegativity of
the atom to which each type of nucl-eus is bound. The

shielding coefficient for such nuclei is different.
Precession frequencies are no longer given by

( 19) @i=

but instead by

(zz) uÍ = ür(Hr)err = trto(r - -i)
v¡ith the result that the resonance frequency for nuclei

with different fi is also diff erent, Whether the

spectrum is taken by the field shreep nethod or by the

frequency sweep method, the resonance lines irrill occur

at different positions. Nuclei which are chemically

different and distinguishable show up as distinct
resonance lines"

ú.Ho
1
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The separation between the lines is defined

as the chemical shift S " The field sweep method

measures line positions in gauss or mill-igauss and gives

the chemical- shift in mil-ligauss, Alternatively the

shift could have been obtained by the frequency sweep

method, giving a resul-t in cycles/second" Since the

value of the fieLd and the frequency at resonance are

interconvertibl-e, the resuLt in mil-ligauss may be

converbed to cycles/second by

(zt) T (cyctes/sec" ) : å5 (miltigauss)

given by

(2t+)

: Ltt, - Hr)
a\(

The chemical shift in cycles per second is

S= åro(çz ari)
à(

where the shielding constant represents in effect the

chemi-cal shift of the partlcular proton fron the

resonance position of the bare proton. Since the latter
is an impractical reference point, all chemical shifts

are l-isted relative to an arbitrarily chosen standard,

the most conmon standard being the resonance line of

tetramethyl silane, Si (cH3 ) 4. The tlstandardt? chemical

shift of nucleus i refers to
(25) 5i : _!_r'( %- 5)¿ ã{.

where ç. is the shielding constant of the reference

protonu
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Thus there exist the two systems of units
in which the shift 5i *ry be measured:

(Z6a) q (in mill-igauss) = Hi - Hr = Ho( rr - %-)

:1)o(%- s-i)

Both of the equations exhibit the principre difficulty
inherent in these systems* The chemical- shift is clirectly
proportional to: a) the applied fierd or b) the applied
frequency" A simplification occurs ifthe first equation

is divided by Ho(which is the field at which a bare

nucl-eus, f:0, resonates)" The coryesponding operation
on equation (zîu) is to divlde uy loHo (which is rhe

frequency at which a bare nucleus resonates), In the

first case the result is expressed as the ratio of the

shift in miLligauss to the applied field (which is
normalÌy of the order of L0ro00 gauss), givlng the

chemical shift in parts per million (p.p"m, ) of the

applied field, fn the second case the result is expressed.

as the ratio of the shift in cycres per second to the

operatlng frequencyo Again the chemical shift is in
parts per million. The numerical result obtained by either
procedure is identical_, as is readily verified from (Z6a)

and (z6a) ,

{zl) 5i (p"p,m") = % - sì

{zAu) 5, (incycles/sec) = lr-üi=S.rt{ç-úi)
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A modiflc
(q in parts per mil

' (r*) J =

actual calcul-ations "

IJ
l-à

HO

experimental- value ancl

in absolute magnitude the

The chemical shift is

atlon is
lion is
Ho(c" -

made

given

-i)

l_n

by

Ho i-s not an easily obtainabl-e

H is substÍtuted for Ho sincer
two quantities are very cl-oseo

calcul-ated from

HO

H - H.rI

r
The term Iffo or y'o is more easily determined and the

ã((
al-ternative calculation for d is

| - l.
:f10

/o
In the system for calculating chemical shifts

outlined above tetramethyl silane has a shift of zeto

by definition, and classes of protons resonating to lov¡

fiel-d have positive (or greater) valu-es for the chemical

shift. This results in a seeming contradictlon in terms,

and another system, the f system, is frequently

employed. On the 'f scale the chemical- shift of tetra-

rnethyl silane is defined equal to l0 with other resonances

Listed in decreasing values in p,p.ll1. on the T scale

according to
(31) T: to- 6"

A compari-son of the two systems is given in
/

-F l-gure on

(2e) J.
1

(30) á .



Chapter II

THE CHEIVIICAL SHIFT
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A * THE THEORY OF THE SHTELDING CO\ISTANT

In the cLassical- formul-ation of the nuclear

magnetic resonance method, the nucleus is considered to

possess a magnetic momentn In this model- the motion of

the magnetic moment is d.etermj-ned by the magnitude of

the external magnetic field at the nucl-êi,rso For the

unshielded nucleus this is simply the nagnitude of the

external fieÌd less the diamagnetic or paramagnetic effect

of any intervening medium. In the case of the nuclei

surrounded by a normal el-ectron configuration there is an

additional- net diamagnetic shielding due to el-ectronic

motion"

Of obvious j-nterest to the nuclear magnetic

resonance method is ühe ability to forrnulate theorebically

this eLectronic shielding" Mathematical calculations

were caryied out for an atom in the 1S state by Lamb (4)"

His results showed that the diamagnetic effect on an atom

in the 15 state could be represented by a magnetic fiel-d

Eo opposed, to the applied field FIo" The vector potential

A of an electron may be exlpressed by

ßz) A: L/2 Þ"-d
where Ho = appLied field and r : position of the el-ectron"

This gives rise to a diamagnetic current and induced field

given by
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ßx) H' =

where p (r) : eLectron density at radius r from the nucLeus)
dÏ : differentlal volume element

dr : differential- radius el-ement

This method requires only an evaluation of the integral

) r y (r) dr, t,hat is, a knowledge of the electron wave

functi-on"

fn the equivalent notation of Lamb?s theory

involving the shielding constant

(zru) Fr =- Ho(l - o-)

where H : resultant field at the nucleus and f- = the

shiel-ding constantu A comparison indicates that
(zo) Ht: -çHo

ßta) H?: -g lry dr
3^"2 ) t

4îi.ZHo
^2Jmc I ", (r) dr

and 
) .v

ß4) s'- = i5 | rs k) dro
3mc- )Õ )

The 1S state is characterized by spherical

symmetryo Lambts theory therefore is applicable only

to free atoms since it depends on the spherical synmetry

of the electric field of the nuclear electrical potenti-aIo

ft is evident that another treatment is necessary to handl-e

the case of a nucl-eus in a polya6omic molecuLeo The

corresponding calcuLations for the mol-ecular case are

more complex. A second order cal-culation of the shielding
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constant for a nucleus in a polyatomic molecule was

given by Ramsey (5, 6).

As was shown above the rnagnetic fiel-d under

conditions of spherical- symmetry is rel-atedto the applied

field by a sinrple proportionality" In the absence of

spherical- symmetry, this relation does not necessarily

hold. Both the applied and induced fields are vector

magnitudes, and the induceC field Ht need not l-ie

parallel to the applied field FIo* fn such a case, the

expression for the induced field is
(zo) H' =-ggo

and the screening coefficient, C , is not a constant,

but a second rank tensor"

Ramsay in his treatment takes as the vector

potentiat AtÀ,

ß5) AkÀ: t/z uo * rk + p* rn/ry3 F t/z uo * &rl
where k refers to the k th el-ectron

À refers to the molecular orientation

r,- i-s the position of the k th electron
-K
R,-r is a constant ari-sing from the arbitrariness
-K^

of the gauge of the vector potential

J¿ is the magnetic moment of the nucleus under

consideration,

The general form of the shielding tensor d.btained by

perturbation theory is composed of two terms which may
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be identified as a diamagnetic term and a paranagnetic

term. The dlamagnetic term, simil-ar to the Lamb equation,

represents the effect of an hypothetical- spherically

symmetrical- distribution of the electrons of the mol-ecule

about the nucleus in question, while the paramagnetic

term takes account of the lack of spherical- symmetryo A

cal-cul-ation of the shielding constant (after averagi-ng

over al-l orientations of the molecule) from this general

expression for $ is not practical, holever, since it

would require a knowledge of the exci-ted state wave

functionsand in general- these are not known. The Ramse.y

formula may be slmplifiecl to an approximate form after the

manner used by Van Vleck and Frank (7) in a similar

caLc ulation on the diamagnetic suscepti.bil-ity of

mol-ecular hydrogen. The simpler form contai-ns only

ground state r^rave functions, however, it invoLves the

second derivatj-ves and is very sensitive to âny errors

in the l^rave functions choseno

The discussion of the Ramsgy method indicates

that for anythi-ng more compJ-icated than the simplest
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mol-eculese a calculation of the chemical shifts of

substituent nucl-ei from basic principles is at present

not possible" Attempts have been made, therefore, to

divide bhe shielding constant into contributions from

elecÈrons l-ocalized on atoms and in chemical bonds (7, B) 
"

The shielding constant trA for nucleus A in a molecule

is written as

ß6) rA : -ooutu * -ooo""t * åf-ou " o-odeloc

, diawhere aAA*** is due to induced diamagnetic currents

on atom A

CAAP""" i" due to induced para,magnetic currents

on atom A

C¡.n is due to local- induced currents on the atoms

other than A

s-odeloc is due to interatomic circul-ations of electrons

The val-ue of the above equation is evident in
compari-ng the chemical shifts of nucl-ei in different
compounds. If two nuclei are characterized by identical-

or equi,valent el-ectron shellso the first two terrns

rOOdia and -oopt"" would be the sane for both nucl-eiu

Consider, for example, the proton resonance spectrum

of benzene and ethylene (Figure 7). The carbon atom

involved in the C-H bond has sp2 hybridization in both

cases and the l-ocalized eLectron shell of the hydrogen

atom is the sä.mêo Any difference observed in the
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t{ .þ4
\tç=c/ \,,

ri nn

Figure 7: Protons with spz hybridizali-on

chemical shift of the two associated nucl-ei is atlributed

to the last terms of the equation, å CRg and c1deloc"'

Both the terms %.g and qdeloc" are due to

electron circulations external to the nucleus Ao The

contribution %B arises from induced currents on the

neighbouring atom B" The nature of the induced field

generated by these currents is such that a theoretical-

cal-cuLation of this term is based upon the anisotr.opy of

the susceptibillty tensor of the neighbouring atom"

Tf a molecule has del-ocalized electrons, there

is the possibility of el-ectron circulations of much

larger radius than that of local- circulations" The

contribution of the del-ocalized el-ectrons to the shielding

constant is usually large* A notable example of a
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d.el-ocal-ized circul-ation is the Larmor precession of the

pîí el-ectrons of benzene in an external- field. Ho" This

precession in the case of an aromatic ring compound is

commonly call-ed the ring currento
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B TH]I EFlIECT OF AiVISOTROPY OIII THE SH]ELDII'IG CONSTANT

The physical properties of a single mol-ecul-e

in general depend on the directlon along which they are

measured rel-ati-ve t,o the mol-ecul-ar axes; this phenomenon

is called anisotropye The reason for the anisotropy lies

in the pattern of the atomss Along any direction through

a mol-ecul-e or any other arrangement of atoms, the atoms

occur at different interval-s and different angles than they

do along another direction; al-so, the atoms in general do

not l"ie symmetrically about the directiono Any physica.l-

property dependent on the pattern of the atoms will- vary

r',rith this direction. Thus in defining the magnetic field

Ht ind.uced by an applied field [o, assumption of a linear

relationship between cause and effect does not require

the magnitude of gt to be independent of direction, nor
to

the vector Ht to be parallelnthe vector [o" fn genera]

the induced field wil-l not have the same direction as

the applied field, and reLative to an arbitrary system

of Cartesian coordinates, the components of the induced

fieÌd may be written
H? : (X Ho + KX }cXX

H'y = (X 
ooHl 

* X

Hr r: (X ,*Hf, + X

{37)

{ 38)

{3e)

*rtT * X*ru"r)

tit; * xu,nf,l

_-_H:_ + X__s?)z,yy zzz
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where X*u is
fiel-d applied

the susceptib

which is a se

0ns

syrnmetric, an

order tensor

õensor to its

obtained,

anisotropy

in general

along the

The terms

x axis by unit

^.. 
* COmpOSer.j

X,,
X,,
\,,

(e)

shown that this tensor is
that a symmetric second

s (te) " By referring the

a much simpler form is

.l

ô

the fiel-d induce

along the y axis

ility tensortx x
| --\x xy

I xo* xuu
t"
L x'* x'v

cond rank tensoro

ager (to, 11) has

d it can be shown

has principal axe

principal axes,

00

Kzo
o X3

eivinE H? =x
xrti; Hi : X^no: H'¿ y' z

of such a system is observed j-n the

lx

L:

X, I t, anrt X, I Xr; X3 I Xz"

fn macroscopic measurements made on liquids

and gases this anisotropyu which is a property of single

mol-ecules, disappears in an averaging process' Thus the

bufk diamagnetic susceptibil-ity woul-d be

(40) Xo,rrn = r/3 (Xr + \+ Ir)'

: X^Ho")z The

fact tha-t

Ainuclear magnetic resonance measurement does not represent
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a measure of bul-k diamagnetic susceptibility, but rather

reflects the effect of the induced diamagnetic fiel-d of

a mol-ecule on one of its nucl-ei" The simplest way to

approximate the effect of the induced mol-ecul-ar diamag-

netic field is to assume the fiel-d lo be generatecl by a

nurnber of point magnetic dipoles (13, l4). The value of

the rnagnùtude of each dipole, and the effect its magnetic

field has on one nucl-eus of the mol-ecule depencì.s on the

ori-entation of the rnol-ecu.l-e. The value observed in a

nuclear magnetic resonance spectruryr,hovlever, involves an

average over all orientations" A simpJ-e way to find thls

average effect is to consider the effect along the three

principal susceptibilities at the nucleus under considera-

tion and take the mean. fn the simplest case in which

one of the principal axes lies along the l-ine joining the

nucl-eus under consideration with the point dipö.le, the

situation is as shown in the diagrams of Figure 8n

When principat axes I (Figu.::e 8a) Lies along

the applied fiel-d the magnitude of the point dipole is

taken as Xr_Eo and the induced. magnetic field is seen

to decrease the fiel-d observed at the nucl-eus " The

contribution to the shiel-ding constant for the nucl-eus

is (13)

(ar) -.a,0-.,( //) : 3 rzl
4 RT 

Á atorni c

where R is the distance between the nucleus and point dipole'
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Figure B: Effect of the

Point diPole"

fiel-d due to a neighbouring

T,lhen the principal axis 2 (Figure 8b) l-ies along

Lhe applied field So, the magnitude of the point dipole

is Xr-" and the effect is to increase the fiel-d observed
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(tnz)

lVhen the principal axis 3 (Figure 8c) l-ies along

the appj-ied axis

(u) a ç3(I) : + + X3"ro*:...
n'

It is seen that on averaging over aLl

orientations of the molecule, the induced diamagnetic

field of the molecule alters the shielding constant by

(44) a0- :+ tzx!, x?" X3".)"
3R)

Equation (+l) may be generalized to the case in which

the line joining the point dipole and the nucl-eus does

notlie along the princlpaÌ susceptibility" After

introducing the angular dependence of the fiel-d of the

point dipole

at the nucleuse that is,
aq-z(r) : + + X3.ori."

(+r) as- : 3 cost t a)

3 cos? ú r) + X'"r(r - lcos

where {r-, t* and Ú, are the angles between the

connecting line and the respective principal- axes.

The value of AC is very simply obtai-ned for

certain mol-eculesn In the special case where Xt : XZ:

and the molecul-e is isotropic there is no alteration of

the shielding constant by diamagnetic fiel-ds induced in

the molecule. fn the additionaL special- case in which

, trj
fr{x}.,'
+ fl.tt

x3
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X, : X, * X, there is al-so no al-teration of the

shielding constant" fn the general case, holvever, the

mol-ecul-ar anisotropy shows up as a change in the

shiel-ding coefficient o
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C INTERATOT'IIC CURRENTS

1" Devel-opme!& of thq Ring Current TheorI

Benzene and other aromatic hydrocarbons are

characterized by a 1i electron system which is not

Local-ized" The abnormal-ly large diarnagnetic anisotropy

of such aromatic molecules has come to be explained as

arising from the Larrnor precession of efectrons in orbits
including nany nuclei (15) " Pauling (1ó) developed this
idea into an approximate quantitative treatment of the

diamagnetic anisotropy of crystalline benzene. For the

cylindrically symmetrical case, the contrlbution of an

eLectron to the magnetic susceptibility is given by the

Paul-i expression

&6) x: s (îr)^,"
4mc

where N : Avogadrots number and ( f') ^o.: 
mean square

of the distance of the el-ectron from the cylindrical axis"

Substitution of the distance from the axis to the carbon

nuc.l-eus (t.39 lo) for g gave a predlcted value for the

anisotropy of benzene of -Ug,2 x ]:o*6 which compared

favourably with an experimental va]ue of * 54 x 10-6 :t7).

The diamagnetic anisotropy of arc¡matic rings

is observed in nucl-ear magnetic resonance spectra in the

inlernal- chemical shift betn¡een a hydrogen in an aromatic

system and a hydrogen in an eÈhylenic system" The only
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difference in environment for the two hydrogens i-s the

interatornic currents. Pople (18) obtained an estimation
of the shift utiJ-izing a classical- model in rn'hicLr the
ll el-ectrons are considered to move in a circul-ar path

in the plane of the ring of earbon atoms" fn the presence

of a magnetic fiel-d Ho perpendicula,r. to the prane of the

ring the 'iT electrons precess with the frequency

{trz )

,,oen
9å:

?me

producing a current per el_ectron equal to

(48 )
' el.l,1:r -rÀ o

<, l,

For a system containing six electrons this gives rise
to an interatomic current

(4e )

pro duce d

rnagneti c

magnitude

-r-

Pople

by such

dipole

2îY mc s

replaced the circul-ar magnetic shelt
a current by an approximately equivalent

Located at the center of the ring of

(¡o)
/., =

where a : radius of circle and is taken to be C-C bond

distance. The dipole l-ies parallel to and opposed to

the applied fiel-d. The fiel_d produced is thus opposed

to the applied field at the center ofthe ring but re-
inforces it at the posibion of the hydrogen atom (pigure 9) "



3O

A

ln"t-
\'j
\t
t,

r
Þ'\

t
I
I

t\
k

I
\

I

É
I

I

Figure Magnetic field produced by ring current"

The effect of the lnteratomÍc ring current therefore is

to produce a chemlcal shift of the aromatic proton to

lorv field. The magnitude of the magnetic field at the

hydrogen atom due to the ring current is

( 51)
^ 2..o 2

rrr:-æ-na-¡¡ 
2mc2(a + u¡3

where a : C-C interatomic distance and b : C-H interatc mi-c

distance. This represents the magnetic fiel-d induced

by an applied field perpendicuLar to the pÌane of the ring.

For comparison with nucl-ear magnetic resonanc€ tn€âsüre-

ments the average over all- orientations is required' Due

to the sy'immetry of the benzene mol-ecul-e this average may

be obtained by the summation process
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(st) HLo = 1/3 {H'r) :
2.. 2enaa;Fæ

Therefore, the internal- chemical shift between the

aromatic hydrogen and the ethylenic hydrogen shoul-cl be

HÎ : t/Zav

where Htr is the fielcl

the ring and Hl¡1 is the

to the ring, Since no

fiel-d applied parallel

C HIÉ:-:
HO

(5?)

( 5t+)

{ss) H' =

(Hi + ZHt¡¡)

induced by Ho perpendicul-ar to

field induced by llo paralJ-el

ring current is induced by a

to the ring, Ht¡7 is zero a¡d

22ea
zmc?(a + u¡3

The cal-culations of Pople r,.rere refined by

llüaugh anci Fessenden (f9). This treatment still employs

a.classical- basis but the magnetic fiel-d is calculated

without making the magneti-c dipole approximationo In

cyllndrlcal polar coordinates, the value of the magnetic

field induced by a fiel-d appliecl perpendicular to the

plane of the ring is

3"ZHo
2lfmca

where ? , z are cylindrical polar coordinates for the ring)
and K, E are elliptic integralsn 0n averaging over all-

orientaùions the value for (Ht)".,, obtained by \{augh and

Fessenden (19) r^ras

ts6) ( H') av = "2i1o lLm,try
L-,-,
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v,¡hich l,vas

(st)

and

(58)

(5e)

subsequently corrected by

(rà":då Y
5: (rà"_

Ho

ÞJaug

F,-,

h (zo) ro

+ tr{

Assuming a diamagnetie rlng current in the plane

of the ring l'ilaugh and Fessenden (f9, ZO) found a predicted

value for J which was too high. The Í7 el-ectron cLoud

is assumed to exist as two doughnut shaped rings lying above

and below the plane of the carbon atomso Assuming a

separation between the rings of about i- o} Ao the predicted

and experimental val-ues for d of benzene were brought

into agreement.

Johnson and Bovey (21) carried out cal-culations

using equation (59) vuhich they attributed to Vrlaugh and

Fessenden?s correction.

2

2
Z

z

The nost probable value for f was chosen from experimental-

values for the shift bet,ween the benzene proton and the

ethylenic proton in such substances as cyclooctatriene 1r3,

and cyclooctatetraenen This val-ue when substltuted in the

lrilaugh equation for S yielded a val-ue for the separation of

the two rlngs of current of 1"28 Ao" Using this emplrically

chosen val-ue for the separation of the two ring currents,

5,

I 2
z

(r - r



33

and eval-uating the elliptic integrals by computer,

Johnson and Bovey (21) produced tabl-es shor,ving the

val,ue of 5 for unit increments of f and z between

0,00 and 4,00 in increments of 0"01 where the units
are ring radii (which is equal the C-C bond distance I.3g Ao),

Fol-l-owing Paulingts (16) semi-cl-asslcaL treat-
ment of the anisotropy of benzene, London (ZZ) carried out

a quantum mechanical cal-cul-ation to determine the

molecular orbitals of íI electrons and the associated

mol-ecul-ar magnetic moment in a conjugated hydrocarbon 1n

the presence of a uniform external magnetic fiel-d. The

London theory is based on the simple Lo C" Ao O. theory

of Hückel, thatris the mol-ecular orbital Ú, is written as

the sum of atomic orbital-s Ó r, þ i: ã "u 1", and the

coefficients 
"" are determined by a variational- procedure,

london modified the theory by modifying the atomi-c orbitals

øu so as to el-iminate difficul-ties arising from choice of
origin. Pople (Zl) extended the method. of London from the

case of a uniform external- field to a nonuniform fiel_d.

This permitted a calcul-ation of the ring currents in
polycyclic compounds relative the ring current in benzene,

The chemical- shift for a ring proton rel-ati-ve to benzene

may be cal-cul-ated from these values "
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2, Application of the Ring Current Theorl¡

fn a paper by Bernstein, Schneid.er and Pople (Z+)

application of the ring current theory was made to a series

of polycyclic aromatic hydrocarbons. Assuming the current

flovring in each hexagon equal to that in benzene, the effect

of this current was found from the point dipol-e

approximation of Pople (fB¡. The theoretically predicted

vaLues reproduced trends observed in experimental data, but

absolute agreement was unsatisfactory" fn another approach,

Jonathon, Gordon and Dailey {Zl) determined the current

intensity in each ring of the polycyclic compound employ-

ing the moLecuLar orbital- method of Pople (23Ì' " Chemical

shifts relative to benzene were calculated from the tables

of Johnson and Bovey (Zt), However, these calculated shifts

are substantially larger than the experimentally measured

shiftsu A comparison of calculated and experimental- resul-ts

reveals a Linear equation relating the two sets of chenrical-

shifts (Figure f0) "

(60) A o(expr1) : 0"63 A-(calcrd) - 0"L3

where A$-: the portion of the chemi-cal shift due to

anisotropy effects.

The implications behind this relation are rather

more than empirical-" The early theories of the diamagnetic

anisotropy of benzene were based upon the assumption that

the anisotropy hras due solely to the p îÍ eLectrons invoLved.
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in the ring current , More recent work (26, ZT) t however,

has employed the moLecuLar orbital theory of the aromatic

ring to show that a significant contribution t,o the

anisotropy is due to l-ocal-i.ze¿ p Íi electrons. Thus Pople (27',

states that the diarnagnetic susceptibil-ity 1 i." given by

(6r) X : X"i'g * {Xo*t o 4"t,
where XOtt = local- diamagnetic suscepti.bility and
1/ at

^p*- 
: J.ocal paramagnetic susceptibility and the

paranagnetic term accounts for most of the anisotropy due

to l-ocal- circulations of electronsu An approximate

cal-cul-ation of this paraÌnagnetic anisotropy term, âX-,
t,

by Pop1e {27) indicates that it contributes about 3Od/" of
the totar anisotropy, rn the same paper he makes an order

of magnitude calcuLation of âftocal, the chemical shift
of benzene due to l-ocal- circulati-ons,

(62) Artocal = âXao."r/ln3rv

In order to obtaln a comparison with experimental-

resul-ts, Pople calcuLated the difference between âCIo""l
for benzene and ethylene

{63) ârl-ocaL for benzene AClocal- for ethylene
- -0.7 p.p.m€

{N.8. approximate calcul-ation onl-y). This value is compared

with the chemical shift difference observed between the

benzene hydrogen and ethylenic hydrogen:

(64) fbu'u"rr" H o?thylene H = *1o5 pop"m.



37

The result indicates that local circu-l-a-tlon comprises a

significant proportion of the AS, the part of the

chemical shift Cue to anisotropy effects. Ci-earlyr by

neglecting the anisotropy arising from local- circulation

of plfelectrons, Waugh and Fessenden (fg) have attributed

too large a chemical- shift to the ring current anisotropy.

Subsequent cal-cul-ations mad.e by Johnson and Bovey (2I)

employ the experimental- val-ue of -l-"5 p.p*m. (equation 6l+)

to evafuate the parameter representing the separation of the

two ring currents i-n tiaugh and Fessendents equation. Such

an eval-uation wil-l- lead to an exaggerated val-ue of the

parameter" Calcul-ations carried out on polycycJ-ic aromatic

hydrocarbons, then, will yield a val-ue of A(l. which is too

large u



Chapter Iff

THE COUPLING CC}ISTANT
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A * THE THEORY OF THE COUPL]NG COI{STANT

The theory of nuclear coupling is developed in
a number of reference works, (28, 29, 3O)" A magnetic

field applied to a mol-ecul-e causes a motion of the

electrons which contributes to the magnetic fiel_d at a

nucl-eus of the mol-ecutre, In addltion to the chemicaL

shift, the presence of a magnetic dipole on a neighbouring

nucleus can contribute to the magnetic field at the nucl-eus

under observati-on" This latter effect is knov,rn as coupling,

The coupling between two nuclei, A and B¡ with magnetic

moments 
P u *o P" is expressed by:

coupling n Pf Ps
J rcPt'pø

the proportionality constant JO, being termed the coupling

consfant,

In the case of a solid crystalline lattice held

fixed in orientation with respect to the magnetic fie1d,
it is easy to undersùand how coupling exists" Thus given

trn¡o nuclei A and B with nucleus A under cbservation, the

magnetic moment assigned to nucl-eus B generates a magnetic

field according to the cl-assical- rules of magnetostatics

(Pigure lf )" The resul-ti.ng magnetic fiel-d observed at B

is determined by simple geometrical factorso
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FÍgure Ll-: Coupling in a crystalline lattice"

When the nuclear magnetic resonance spectrum is
taken of J-iquid or gaseous samples such simpÌe geometrical

interactions are destroyed by averaging processes. fn this
case another interaction of smal-Ler magnitude becomes

significant" The basis of this interaction may be illustrated
on an approximate physical- basis by considering the val-ence

bond modeL for the molecul-e (tr'igure 12) " In a diatomic

molecule of nuclei A and X with two bonding electrons,

electron (a) trbelongstr to nucleus A and el-ectron (x)

ftbelongsrr to nucl-eus X. fn the case that nucLeus X has

orientation with magnetic moment down the more stable

configurati-on for electron (x) is that with spin up. The

theories of chemical- bonding requi-re that the .el-ectrons in
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Figure J,2: Coupling in the liquid or gaseous phase.

the same bonding orbital have spins opposed. Thus the

most stabl-e state is that in which the nucl-eus-el-ecton-

el-ectron-nucleus spins alternate as shown in the figure
above, (Figure 12), The spins of nucl-ei A and X are

preferentially paired and the ccupllng is defined as positiveo
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B - COUPTING CONSTANT ]N THE AROTIATIC R,Ii$G

The values of the coupling constants between

the ring hydrogen nucl-ei in substituted benzenes have been

found to lie in the ranges tfiillnt : 6 to g cycles/s€ce e

;rfr|t": r to 3 cycles/sec" ano.ipff?râ: o to I cycres,/sec'(30)

Coupling is determined by both cr and îT bond mechanisms

and Jrrr ftåy be written as

JHH, : JHH, (ct-) + JäH, (f7)"(65)

O-f the two terms 1n equation (65) the magnitude

of Jr*r (cf) decreases rapidly as the number of bonds

separating the two nuclei increasesu Values for the

second term, JHH, Ú7) , have been cal-culated by

Mc0onnell- (3t, 32) for aromatic hydrocarbons on the basi-s of
*

a C- ll exchange polarization mechanism" The results of

these ca.l-cul-ations combined with the expected values of

JI'Hr (g-) indicates that the main coupling mechanism for

ortho and meta hydrogen is via 9- bonds, trff?""(o-),

hov¡ever, is almost certainly negligibl-e and the îi- bond

mechanism dominates the para coupling.

The analysis of the proton system for aromatic

hydrocarbons gives the magnitude of the coupling constant,

but not the absol-ute si-gn" Buckingham and lvlclauchl-an ßl)

studiecl the spectrum of p-nitrotoluene in the presence of

an electric field applied parallel the main fiel-d" The
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resul-Ns indicated that the ortho ring coupling i_s

positive, Positive ortho coupling has aLso been found

by Saupe and Englert (;+) and by Sngd.er and Anderson (35).

The absolute sign of meta and para couplings

is determined from information concerning the signs

rel-ative to ortho couplings. lfartin and Dailey ß6)
determined that the meta and para coupling constants

have the same relative sign as the ortho coupÌing for a

group of approximately twenty-five para-disubstituted

benzenes. On the basis of a positive value for the

ortho eou-pli-ng constant between ring protons, the meta

and para couplings are assigned positive val-ues" 1'his

result is supporùed by work carried out by Banwell,

Cohen, Sheppard and Turner (32), Grant, i{irst and

Gutowsky (38) , Cox (39) and Freeman, Bhacca and Reilly (40),

There is no knor,vn evidence bo indicate the existence of
a negative coupllng constant between the ring protons of

an aromaùic hydrocarbon,



Chapter fV

ANALYSIS OF THE AA'BB? SPBCTRUI4
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AI'JALYSTS OF THE AA'BB' SPECTRUI.4

The calculation of an energy dlagram for the

spin states of the nucleus is a preli_minary to the

analysis of the nucl-ear magnetic resonance spectrum" fn
the particuLar case of a single uncoupled proton the

energy diagram can be readily cal-culated from the classical
rnodel- of the spin state s +L/2 and, -I/2. Caf cufations

carrled out on complex systems are done quantum

mechanically"

The proton has two spin states, +I/Z and, -I/2,
representedrespective1ybythewavefunctions<

A molecufe containing n protons has 2n spin states which

are the combinations of the two possible spin states for
each proton, The spin states are written

Ó¿ : o (rl ¡s tzl < (3) .., p (n)

where the bracketed numeral- designates the nucl_eus to

which the nucl-ear spin function 4, or F refers, Such spin

states are frequently written

f : o(p """ F

with the numerical asslgnment understood" The nucl_ear

spin states constitute an orbhonormal_ set,

J ó iþ¡* ¿? = J'
and are used as a basis set in the formation of spin wave

functj-ons þ n,

þt: "L,6, + cn*d¿ + ooe .¡_iÉi * ô.o "ynØn



l+l+

in a magnetic field ancl EO is the energy of the wave

function pn. Solution for the energy l-evel-s 1s carried

out by the variatj-onal procedure on the l-j-near combinationso i

The coefficients "!-i are calcul-ated from the set of linear

equations

(u. . J. .nl' 
'-J r-J tlj

The energy levels are cal-cul-ated from the

time independent Schroedinger equation

7lþn : Et{s-

where ?{ i" tfru Hamil-tonJ-an operator for a coupled nucleus

or af

-0

where Hr, : .f ØrH Ør" dt " The set of linear equations

known as the secul-ar equations, have a nontrivial solution

only if the determi-nant of the coefficients of .Cj equals

ZQ,TQ O

nrj Jrru : o

ter expansi-on

Htt - E Htz

Hzt Hzz

H3r H3z

EH^^co ¿t

H.. - E o o))

Hr3 Q'

:0

eo

oa

The simplest application of the method is to the

evaluation of energy levels for an AB system, consisting

by oetrn:.lr-on ol. tt^¡o nuclei; for a description of the
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nomencl-ature used to

nuclei see reference

functions, 4É, *F,
yiel-d a )+ x 4 determinant

classify the

(41), There

systems of magnetic
a

are Z' : L basis spin

Htt-E

Htz

Hr3

Hr¿,

tr3

IJ
"23

H..-tr))

'3,r

trr*

IJ
"2!+

'',,n
H,, -E44

=Q

Fo, pprand the secular equations

Htz

Hzz - E

Hz3

Hz,r

The nature of the AB system is such that al-I off-diagonal

el-ements but ,T are zeyo" The determinant breaks down

into one 2 x 2 determinant and tr¡io I x I determinants and

the energy levels may be determined anaIytically.

An AB, nuclear system has 23 = I basis spin

functions, and the secul-ar equati-ons produce an I x I

deterrnj-nant, Symmetry conriitions and the nature of the

system break the determinant down into four I x 1

determinants and two 2 x 2 determinants, Again the energy

level-s may be obtained anaÌytically" I/'Jith increasing

numbers of nuclei the spin systems become more complex,

the sol-ution of the secular equation more difficult, the

number of energy levels greater and the assignment of

transitions to l-ines in the spectrum less certain. The

determinant for the ABC systern factorizes into tt¡¡o 1x I

d-eterminants andtt'ro 3x3 determinants" The 3x3
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determinant cannot be sol_ved analytically, and

approxlmation methods are userlu

The AAtBBl system generates a 16 x 16

determinant which factorizes into two l- x l, five Z x Z,

and one )+ x 4 sub-determinant . Al-l- may be soLved

analytically but the 4 x 1+ determinant, and explicit
values can be gi-ven for only tr^¡el-ve of the sixteen energy

l-evels" Application of selectj-on rules to the AAtBBI

system predicts a symmetrical theoretical_ spectrum of
twenty-eight l-lnes of which four are weak intensity
combination transitions and are neglected. 0f the

remaining twenty*four lines only one of the symmetrical

halves is treated. The transition energies, and

intensities correspondlng to the twelve l_ines are

summarized in Table f using the notation of Dischler

and Maier (toZ).

The parameters K, L, M, N and C, D, F, G of
Table I are definerÌ in terms of the coupling constants

and the chemical- shift "

{66a) N=Jl_j+J.u

(66a) L=(Jr¡-JrL) :o

(66c) K: (tt,*t3L)ào

(66¿) 14 = (Jrz - t j,o) eo

where the Jts are the coupling constants Cefined in
Figure 13"
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Figure 13: Coupling for an AAtBBt system"

A

o

,,, Ï
I

I

J

A

Ø

1
| ,=o

J

@
BB

(67 a)

(67b)

(67 c)

( 67d)

C_

where r' o{ is the chemical shift in cyc}es/second" The

quanbities sin €' , sín Q , sin X and sin þ are d'efined

in terms of the above parameters. The O t s which occur

in transitions T?grr to lrfrr are the eigenvalues of the

4 x 4 submatrix, and the 
"ikt" 

are the corresponriing

eigenvectors.

The transitions rlarr to r?ftr are sufficient to

determine the chemical shift r/ oú and the parameters

(y' oJ )2 * ru2
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L, M and N" Inspection of Table f indicates that the

transition energies for lines rla?? to rrfr? do not involr¡e

the energies rletainerl fron Lhe )+ x b determinant but

that ùhe 4 x 4 determinant must be solved in order to

eval-uate transition energies for l-ines trgrr to ttlr?e The

parameter K is the only additional- information obtained

from l-ines t?grr to ??lr?o Pople, Schneider and Bernstein (43)

in analyzlng an AAIBBT spectrum avoiderl the dÍfficulty of
solving the 4 x 4 determinant by assuming J' s 0 and

K : -M" This approximate sol-ution is applicabl-e in
cases for which Jr, (or Jt^r) is known to be very smal-l

or Teto ø

Dischler and Maier Q+2) have eval-uateri all of
the parameters of the AA?BBt system without assuming

K = -I'{. Matrix theory states that the sum of the

eigenvalues of the matrix is equal to the trace of the

matrixu Applying thls property to the 4 x l+ determinant

gives

0t * 0, * O3 +fl.b : -t'l,

Combining this equation with the last sj-x rel-ations in

Table f, Dischler and Maier obtained an explicit

expression for K, They were thus able to list all- t,he

fol-lowing relations defined for a system of twel-ve l-ines

labej_led ?ra?r to r?1Ì?.
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( 68a)

(6Bb)

(68c)

( 68d)

(6e)

no)

{ 71)

lTza)

{zza)

(73)

I nt \\ t+t

0 5a)

17 5b)

06a)

06b}

{77)

{78)

ne)

( 8o)

{ 81)

t 8z)

K

K

K

K

C

D

F

G

LT

L

M

N

N

k-a*

k-a-

k-2a-

h-j-

s+j:

/T = +tll. io

:b*g*
:b*i+

=g+i+
:2b+k-
:¿*þ:

:c+e
:d+f

h+i

+df) o

al, a number

h-1
j-I
I
1

t)o{ - + 2(ec

Tn the papers by Dischl-er et

correLations were derived"

of intensity

T +T.:2ao
I +T =1ce
f . + I- : l(1T

ra/rb : b/a

z7(r + L +-g n

2glk + Ief3

r. + r.)ìr1 J'
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Dischler and Englert (++) also calculated several

rel-ations between l-ine positions:
(83)

(8/+)

(85 )

( 86)

c id ':.

e àf +

8ì h ';'

i:j ì'<

!; Dischler and Englert concluded that c2d ìe ìf
and g t h li I j" Lim, Taurins and VJhitehead (+S)

pointed out that these statements 'hiere not correct
in their entJ_rety.

Dischl-er anri Englert applied the above anarysis of the

AA?BBe to a number of ortho rÌisubsti-tuted benzenese para

disubstituted benzenes and furan type heterocycr-eso

Equations (77) rhrough (86) may be empì_oyed

to herp assign the l-ines of an experimental spectrum, The

method has been summarized by lim, Taurins and ltlhitehead (L5)

Step I - The first pair assigned has the highest

intensity of the six pairs of lines, and wilr- consist of
r.rr$rr\\t/ña,
b ancl l- or a and k coruesponding to N positive or negative"

step 2 - Another intense pair of rines is then chosen

and will consist of two l-ines not assignecl. to the first
\¡rrgat\rz\\t,

pair, namely a and k or b and 1. The intensity of this
pair and the pair assigned in step 6 is often very crose o

Therefore the intensity sum is of importance, The total-
intensity of one l1ne from step 1 and one line from step z
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should equal 2s the sum of the remaining two l_ines

being very nearly 2. Furthermore, from equation (76)

it is known that this second pair of lines should be

two or three pairs away frorn the first pair.
Step 3 - The innermost lines (those nearest to the

,center of the spectrum) are then assigned as Lines"f ""rrd
t\ llj ; they are generally of l_ow intensity.

Step 4 - The outermost l_ines (those farthest from

the center of the spectrum) are assigned as ?rct? and rrgtl.

they are the least intense lines"
Step 5 - The remaining two pairs are of meclium to

high intensity; one pair lies between the two hlgh

intensity lines assigned in steps I and z and possesses

several possible assignments such as ( tt¿tt 
r 
rrhtr) or (t¿rr, rrirr)

for ?1i1?>t?h1r or lrhn>nilr when Irell>t?d11 I of such as (rrgrrrrr¡rr)

O1" (tt*tt, 1ri1?) fOf l?irt>?thr? ol" llhrt>rir when lrdr?>ne!ro

Step 6 - The only remaing pair of lines w-i11 also

possess several possible assignments such as (ttsttr?rh1?) or
(ttsttr?Îit?) when trert)?rdtt and (rr¿rrrrrhtt) or (rr¿rrrnirr) when

rldr?>r?g n 
ô

fn the paper by Dischl_er and Englert (L4) the

assignment of the experimentar spectra was made on the

basis of r?dit)rretr and rrhrl>lritro In add:ition the pairs
(ttuttrttiu) and (rr¿'rlÌht?) were chosen i-n steps 5 and 6"

Cal-cul-alions v¡ere carried out f or N>0 and N(Or but



Chapter V

AIúISCTROPY AI'ID C13-U COUPLING CONSTANTS
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AI'JISOTROPY AITJD C13-II COUPLINC.I CCI.ISTANTS

Equatlon (56) expresses the shielding constant

in terms of four contributions,

ß6) Fn : %*i" _ - 
P... - Ee- _L o-deloc¡r r1¡r ' AA 'fl#6ri.B ' A o

Of the four terms, the l-ast two descrlbe effects produced

by the magnetic anisotropy of neighbouring atoms or groups"

Theoretical estimates of these anisotropy effects are not

sufficiently accurate to be employed in predicting values

of ñn and the chemical shift T. In addition,A

experilrental values of magnetic anisotropies ârê ûor-existerô

It has been observed that anisotropy, medium

effects and other factors which compli-cate the chemical-

shift val-ue have l-1t,tl-e effect on Cf3-lt coupling constants"

Goldstein and Reddy (46) have found that in the absence

of anj-sotropy and medium effects there is a linear

rel-ationship between the C13-U couplings and the chernical-

shifts I . Deviations from this l-inear re]ation hrere

attributed to niagnetic anisotropy and cal-cul-ations were

made ()n the basis of this assumption" ¿(c13-U) r'Ías

plotted against ? for a series of methyl and methylene
t

protons (sp' saturated, compounds) and also a series of
2sp" unsaturated conpounds. The anisotropy of a number

of ring structures and other groups was estimated" The

anisotropies cal-culated for the sane groups, where

possible, from both series were in good agreernent. The

cal-cul-ated val-ue of the anisotropy of benzene,
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( B7a)

)
where o( ,,- isft

is a constant,

the value of J

-?8 cycles/secó, compares favourably with a value

calculated by Ito (lr7), -86 cycles/sec.

Goldstein ancl Reddy U+6) included. a short

justification of the l-inear rel-ation" l'{easurernents of

J* for directly bonded nuclei have shown a very cl-ose

depenctence of the magnitude of this coupling constant

on the rrsn-character of the C-H bond (48, h9, 5C). This

dependence is expressed by the relation
)

JcH = Joo H'

the Î?sÎ?-character of the C-H orbital. Jo

and experimentaL resul-ts (l+9, 50) indicate

o is 500"

(s7u ) JcH : 5oo qHz

The shielding constant depends upon the first

two terms of equation (36) in the absence of anisotropy

effects, These two terms are sensitive to the

hybridizatlon of the hydrogen atom, Thus in the absence

of magnetic anisotropy, or in the presence of a constant

or linearly varying anisotropy, a linear relation is

expected and observed between the coupling constant

J* and the chemical- shift T, since both then depend

on r?srr-character.

Grant and Litchman (¡f ) made a cri-tical-

evaluaiion of the correl-ation of C13-U coupling constants
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with lrs??*character" Karp.l-us and Grant (SZ) determined,

on a theoretical- basis, the factors upon which the C-H

coupling depends. Grant and Litchrnan showed that changes

in the effective nucl-ear charge of the C atom can account

for much of the change in C-H couplings" This change

in the factor governed by nuclear charge was not con-

sidered in correlations with ÎÎsr?-character (48, 49, 50)"

The r,vork by Grant and Lj-tchmatr makes uncertain

the correlation of C13-lt couplings solely wiih lrslr-

character, Ivlany of the conclusions made assu-ming tllis

ccrrelation are likewise rendered uncertain" The linear

correlation betv¡een c13-tt couplings and T , holer¡er¡

remains an empirical fact. Application of the method

of Gol-dstein and Reddy (¿*6) , particularÌy to a series of
TA

C"-H couplings in which the effective nuclear charge

^13on C"' changes little, can possibly yield an approx-

imate val-ue for the anisoNropy"

The manner in i^¡hich the ani"sotropy is ob*

tained from the experimental- data is best ll-lustrated by

considering one case frorn the paper by Goldstein and

Reddy (lo6)" A plot of J* vs" T for a series of

ethylenes (ethylene, vinyl chloride cis and trans,

vinylidene chJ-oride, dichl-oroethylene - cis and transu

trichloroethyleneu and vinylene carbonate) produces a

stralght l-ine* On the safiIe graph the position for the
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l,
C"-H coì-rpl-ing constant of benzene fles off the line
to l-ow fiel-d. The vertical- distance on the T scal-e

between the benzene position and the straight l-ine is
taken to be due to the difference in anisotropy for the

two protonso fn this case the anisotropy was altributed
to the ring current,



Chapter VI

THE NATURE OF THE PROBLEI'{



58

THE I'JATUR,I OF THE PROBLEIVI

Triptycene is an aromatic conpound cornposed

of three benzene rings each joined to a pair of saturated

bridgehead carbons from ortho positions on the lrenzene

ring (Figurel-4). The object of this research is to

obtain and analyze lhe spectruni of the tripiycene mol ecule

(an AAîBB? system) and to apply the ring current theory to

the problern i-n an attempt to predict the cheniical- shifts

and, subsequently, to eval-uate the usefulness of the ring

current model- applied to a complex systemn

A, molecul-ar orbitaL calcul-alion after lhe method

of Cotton (Sl) shows that any alteration of electron

densities on the benzene rings due to overlap is entirely

negligible" The molecular orbital- cal-culation to deterrnine

the current in each ring (23) is unnecessary and the ring

current is simply taken to be equal to that of benzene.

The effect of the ring curuents is calculated from the

tabl-es of Johnson ancl. Bovey (Zt), corrected, æd usecl to

predict values of the chemical- shifts. The AAeBBe

analysis is carried out on the spectrum of triptycene t

and experimental- chemical shi-fts compared with predicted

values o

The effect of the ring currents at the brldge-

head. hydrogen is calcul-ated from t,he taLrl-es of Johnson and
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Bovey ( 21) and corrected, This quantity is used to

correct the experj-mencal val-ue of the chemical- shift

for the magnelic anisotropy arising frorn the ring currents"

This l-asl value is then usecl to cal-culate the C13-H

coupling of the bridgehead hydrogen after the manner of

Gol-dstein and. Reddy (46) ,

Figure 14: The triptycene mol-ecule"



Chapter Vff

EXPER]MEI{TAL I4ETHODS
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r]ÏPER]}IENTAL I,iETHO ÐS

All spectra were obtained at Z5o C. using a

Varian DA 60I spectrometer operatÍng at 60 lric/sec., and

locked onto internal tetramet,hyl silane" Sp"ctra l{erê

taken on the frequency sweep mode. Cal-ibrations were

placed on the speclra using a Her,vl_ett Fackard audio

oscillator and measured by rneans of a Hewl-ett Packar"d

elecironic counler. Ðecoupling was caruied out using a

Her,vl-ett Packard audio oscillator, A1] sarnples r,.vere

contained in cylindrical glass sarnple tubes of /¡ mm.

inner diameter and J mrn. outer diarneter" The results
are the average of four runso

A saLurated solution (Z.Z mol_e per cent) of
triptycene in carbon disulfide was used. solutions were

seared in the sample tubes after degassing on the vacuum

line. The triptycene useC. was a commercial product"

The spectruin of a sol_ution (Z.L mole per cent)

of benzene in carbon disulfide was taken under the sa:ne

experimental conditions as that of triptycene. The

resul,ts are the average of four runso



Chapter VffI

EXPERTMENTAL RESULTS



61

2."1 ?.8

Figure l,5a:

3o 3'l
PPÞ1

3.2 332.9

Sin:ple spectrunn of tript¡rcene.

2:t 2.8

Figure l5b:

2.9 3.o 3. r

PPM

3.2 3.3

Decoupl-ed spectrum o.f triptycene.



Fi-gure l-6a: Line assignment of the triptycene spectrum

accordj-ng to Dischl-er and EngJ-ert (4lr) .

b: Line assignment of the triptycene spectrum

according to Lim, Taurins and Tvhit,ehead (45),
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Figure 18: Experimental val-ues for the chenical- shifts
of the A ancl B ring protons of trlptycene
(saturated solution) measured on the T scaleo

The two shifts are placed syrnmetrically about

the position of the center of the ring proton

spectrum.
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Figure 19a: Line positions ancl i_ntensities predicted

from the rel-ations of Table I u-sing values

for the parameters deterrnined from

experimental spectra" (.ffre values of the
graph are list,ecJ in Table VIII ) .

b: Line intensities measured. from experimental

spectra, (tfre values of the graph are listed
in Table VIII) 

"
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Table fI

INTEI'{S]TTES AND Ei\IERGIES RETATIVE THE CEJiITER OF THE

BAND OF THE AA'BBT PORT]ON OF TH]T TRIPTYCEùTE SPECTRU]\/I

T,ine assignment
Energies

(Line positions)
cycl-es,/sec.

Intensities(:r : 8)

ab

c

20 "87
19 "67
16"22

15 "96
r2"84

l-2" 84

l_1 " l_3

LO"35

"7 .70
tat./

7.bo

3 "62

3"11

.L

I
+

I

+

+

+

I

+

+

+

0"14

o" 09

0" 08

0.07

o. 0g

0,0g

0" l_0

o, l-2

0,09

0" 07

0" l-0

0" 10

0"06 3 o.o1
_t_

0"08 - 0"01-
-L

o ,79 .l o. 02
I

0,83 : 0.03

-t-1.11 - 0"04':.

-J.0"84 : 0.03
I

o.93 : 0.05
-L

1"38 : O"o9
.Lf.49 : o"o3
I

O"27 - O"O2
I

O"23 I 0.02

a

k

h

d

1

ê

b

I

I

j

;i< d and h are indistinguishable"
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Tabl"e fII

COiVIPÄRISON OF PARAMETERS EVAI'U:\TED BY D]FFERETIT

COIV]BII\TATIOI.TS OF LINE Ei\ERGTES (ÄI{ TiT]TERNAL CHECK)

Farameter Equation
used

Val-ue
cycJ-es/sec.

G

loJ

( 68a)

{ 68b)

(óBc)

( 68d)

(69a)

( 6e]b)

{69c)

0za)

0za)

06a)

06u)

B,16

8"15

8"1_2

B,fg

2l+'OL

23.98

?3 "97

o))

o))

22,1+8

22J6

K

C
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Tab1e IV

EVALUATIÛI'I OF C , D, F, G A\IDI J
o

Parameter Equation
used

Value
cycle s/sec"

C

D

F

G

loé

( 8e)

(zo)

( 71)

(so)

( e1)

Tabl-e V

EVALUATIûN 0F N, K, L, I,i

23 "99
30"02

16.116

o))

22"1+2

Parameter Equat ion
used

Val-ue
cycles/sec o

N

TI

L

M

û ra)

( ss)

{zt)

0tr)

B,43

8" 16

5 "90

7,Ar
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Tabl-e VI

SU1\4I,{ARY OF THE CHJI!'IICAL SHIFT AÀID CCUPLIITG CUIVSTAI',ITS

Parameter Equation
used

Val-ue
cycles/se c "

Jtz

tt3

Jr4

t3b

I oS

(92)

ß3)

ßt+)

G5)

( el)

7"58

7,2r

r"2?

o"57

22"1+2

ß

o O¿b,*t@

Figure ZOb: Triptycene: definition of termso
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Tabl-e VII

COþIPARISOI'{ OF TIi]iOIìBTICAL AI{D OBSBRVII]] II{TENSITT]IS

Int ens i ty
Express ions

Theoet i cal
Val_ue

Itrxperir,rental
Value

r +LaC)
I +Ice

r 
^/ru

o"l+B

Theoeti caI

I. T TKA

2!tu*rrÍ3

2 "I7

l_.01

o.57

Experimental-

Ik:0"83i Ir: O.79

T -! T : )-2. 1*k -] Lè)L

2

I
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Table VIïI

PARTTAL AA I BB ' SPBCTRUIVI, CALCUL/iTED ,iI{D EÍPJ1RIITITNTÄL

¡Tnergies
( cycl-eõ/sec. )

Line Calculated Experiroental

a

b

c

d

g

f

T6"27

7.78

19.62

l-2.84

l_0 
" 40

3"62

16"22

7.79

Lg "67

12"84

ro"35

J 'o¿

Intens ities
Cal-culated Experimental-

a

b

c

d

ê

f

o.65

r,35

0,16

u. ol

0. 85

0"40

o "79

1.38

0,08

o "93

o "27



7z

A - TRTPTYCEISE RING PROTONS

The proton system of triptycene (Figure lil)
is cLassj-fied AATBBî"', The observable spectrum thus

consists of tu¡enty-four l-ines as outl-lned in Chapter IV.

The initial spectrum of the ring proton system is
dispJ-ayed in FÍgure :--5a¿ The low fieLd haj-f of the

spectrum shows noticeable line broadening as does the

high f ield hal-f to a small-er extent. This line broaden-

ing was attributed to coupJ-ing arising from interaction
of ring protons with the bridgehead protons" A de*

couplecì. spectrum was taken by irradiating the l-ine position

of the bridgeheacl protons " The resulting specNrum

(Figure 15b) consisted of sharp, very well defined l-ines

with Line splittings as smalJ as O.25 cycles,/sec.

{"004 p.parno) observable in both hal-ves of the spectrumo

Assignment of line positions to transition
energies was rendered uncertain by a l-ack of agreement

in the assignment of AATBB? eases treatecÌ by different
authors" Arnong the earLiest AAîBBt systems treated is
an analysis of the naphthalene spectrum by Pople,

Schneider and Bernstein (54) who developed the assign-

ment from the AAtXßr systemu Unfortunately, the rvork

r¡ras carried out at 40 Mc,/sec" and cannot be used for
direct comparison, DischLer ancÌ Englert (¿*l) treated
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a series of AAÎBB I spectra and the assignment they used

1s shown in Figure 16a" Lim, Taur.ins and l^Jhitehead (45)

carried out the AATBBf anal-ysis with a cornputer prograÌn

described in Chapter IV" Their assigrunent shown in
Figure 16b gives the best agreement in al-I cases treated
by them.

The assignment of Lim et al (n'igure 16b)

differs from that of Dischler and Englert (Figure 16a)

only in the assignment of lines ltjr? and rrfrto The method

of Lim et al was more rigourous than that of Dischler

et al-, and the assignment of the triptycene specürum

that hras used in this analysis was that of Llm et al-

{Figure l-7).

The value of the line positions rral? to lrl??

rel-ative to the center of the spectrum are summarized

in Table fI. All numbers represent an average over both

halves of four spectra. Errors listed are mean

deviations. The l-ine positions h¡ere used to calcul-ate

values of the paraneters K, L, M, N and I oJ {subsequent,

in certain cases, to t,he determination of C, D, F and G),

Inspection of equatlons (68a) to (ZøA) of Chaprer IV

indicates that in the cases of K, C, G and /oJ there

is mor:e than one way to evaluate the parameter. The

multiple val-ues obtained for these parameters are listed
in Tabl-e fII and serve as an indication of the
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conslstency of the sYStem"

l'ühere necessary

parameter hlas obtained bY

thus from equations (68a

(8s) K:b-a*

from equations (ó9)

(8e)

the val-ue assigned to a

averaging rnultiple equabions

d)

1+I/2 (e+i h-j),k

c=I/3(a+b+g+j+h+i),
from equations (72a - b)

(gO) c=L/2 (c e*d-f) ¡

and from equation (76a - b)

(91) I oS : r/2LM .
The values of parameters Cr Dr F, G anrl J oS

are listed in Tabl-e IV" Parameter C was cal-cul'ated

from equation (88), D was calcuLated from equation (70) t

F from equation (7I), G from equation (90) ancl I oS
from equation (91) " Using the data of Tabl-es II and IV,

parameters N, K, L and M were calcuLated from equations

lrZla), (88) , (73) ancl {7tu) , respectivelyo These values

are listecl in Table V.

Tabl-e VI lists the values of the coupling

consbantç of the ring protons, Jrr . Jn o Jr.t " Jsq and

the chemical shift l"S between the A and B protons.

The coupJ-ing constants r,rlere calcul-ated from equati-ons

(66a - d):
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ß?)

(çt)

(e4)

(e5)

Jrr: L/2 (f + l.tt)

Jr3 : r/z (trl + l)

Jr,: I/2 (iV - t)

J3L: r/z (r - u)

The assignment of vaLues of the coupling

constants must also be accompanied by the assignment

in the triptycene mol,ecul-e of the class A and class B

protons" Equation (66d) requires
(6ód) M * (Jre - t3.)l oi Jtzatrr.

The ring protons of triptycene are shown in Figure 20,

Figure ZOì Assignment of triptycene ring protons"

The two para protons

ortho protons belong

belong to one

to the other.

class, the remaining

Compari-son with

ri
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Figure L3 indicates that one of Jrr: JAA o, J.,L: JBB is

a para coupl-ing whil-e the other is an ortho coupling"

Ortho cou.pling is known to be greater than para coupllng;

therefore, since Jn(J¡.a) Z trr(Jeg) , the A protons must

l-ie ortho to one a¡other, vuhile the B protons lie paraÞ

This assignment is shown in Figure 20"

Figure lE shows the assignment, on the T scale,

of the chenical shift of A protons and B protons relative

to tetramethyl sil-ane, The A and B hal-ves of the spectrum

lie sSrmmetrically on either side of the center of the band,

separated by a chemical- shift of / o{. The B protons by

reason of nrolecular geometry (nigure 20) are more strongly

coupled to the bridgehead hydrogens than A protons and

are therefore assigned to the low field half of the

spectrum. The chernj-cal- shlfts reLative to tetrarnethyl

sil-ane r,vere determined by cal-cuLating the position of the

center of the twenty-four l-ines and adding åtlo S to give

the B chemical shift and subtracting fz/oJ to give the A

chemical shift. The position of the center l-ine rel-ative

to tetrameùhyl silane was cal-cul-ated to be 422.4S t O.O3

cycles/sec" where the error is the æean d.eviation. ffru

resu.l-ting values of the chernical- shifts were: B protons,
f - 2"77 pnp"iîr. (b33"7 cycles/sec. ) , A protons,
T : 3.f4 p.p"m" (411'3 cycles,/sec. ).
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Tabl-e II contains, in adrlition to l-ine energies,

the experimentally rlelerrnined l-ine intensities" Tabl-e t/II

contains a compari-son of the intensitJ¡ relations of

equation OZ) to (BZ) from Chapter fV wlth those determined

from Table II " Agreement is reasonably good when the

rough nature of intensity measurements is taken into

consideration"

To conclude the AAIBBt analysis, the energy

l-evels of the AATBBt half-spectrum 1¡/ere calcul-ated with

the exception of those invol-ving the solution of the ¿r- x 4

deterrninant. lVhere possible, transition energies and

intensities were detertnined using the val-ues of Nr K, L

and [{ listed in Tab]-e V. 0n1y six l-ines coul-rl be determined

without a knowledge of the energy l-eve1s & l_, 
Q r, *3, and

*L (tfrat Ís, without a soLution to the 4 x t+ determinant)u

These are listed 1n Table VIII. Al-so listed 1n Table VIII,

for comparison, are the val-ues for the corresponding l-ines

from the experimental spectrum" The information summarized

in Tabl-e VIII is reconstructed into the two spectra shown

in Figure 19"
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B - BRIDGEHIJAD PROTONS

The spectrum of the bridgehead hydrogens

consisted of a single peak wlth an unresolvable shoulder.

A measurement of the chemical shift gave a val-ue of
T : 4.79 p.p.m" for the bricÌgehead hydrogenso

C * BEiVZEI\ÍE

The chemical- shift of benzene relative to

tetramethyl silane r'iras measured to be 'f - 2"78 p.p"rlì"



Chapter IX

DISCUSSION OF RESULTS



Figure ?Iaz Experimental val-ues for the chernical

shifts of the A and B ring protons

measurerf on the 'l- scale.

b: Val-ues for the chernlcal shifts of the

A and B ring!, protons predicted fron the

tabl-es of Johnson and Bovey (2L) 
"

c: The val-ues of Figure zJ-b corrected in

accord.ance with the relatlon
-1a -('' : O"6j A 1.

d: The values of Figure 2l-b corrected for
substituent effects, using the ortho-

xylene approximation"

e: The val-ues of Figure ZLc corrected for

the substituent effect"
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2.57 2.82

2.65 2.El

2.91 3.C7

N'I ppm
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Phenanthrene

2

Triphenyl-ene

Figure 22: Steric hindrance of ring protons"



Figure 23 | The proton cherrrical- shift ( on the

t scale) plotted as a function of C13*H

coupling to the proton" The points represent-

ed by open circl-es taken from the data of
Drago anci Þlatwiyoff (59) " The points repres-

ented b]'open triangles are taken from the

data of Gol-dstein and Red.dy (+6). The dotted

horizontal- line represents the chemical- shift
of the bridgehead triptycene proton after a

correction to rernove the effects of ring
current ani-sotropy,
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Tabl-e IX

A COIiJPARISOI{ OF THE AI{ALYSIS OBTAIi\IEI] TÀI THIS TiOIih

IIITH TH]' RESULTS OF S]VIITH Ai\iD SHOULDER,S (55)

Physical
quantity This work

Smith and
Shoulders

Jtz

Jr3

tr4

t j,n

/{
o

T
A

T-
l-J

7 "58 cycles/seco 'k 7.7o cycle"/""""7

7.2r

I"22

o,57

22"42

3.Il+ PoPolllo

2,80

7 "60

r.20

0"00

28'-26

2,72 popurrlc

4")+Or^ 4 'TgBridgehead

>;< i-n carbon disul-fide sol-ut1on
f ir, ".utone sol-uti-on
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lable X

ErEcrROr'i DEi'iisrrr¿s oF THE iï ¿lcctRor{ sysrE},i 0F

TIì,IPTYCEI\E (¡'R0}t App l,JDIx rr)

Pos it ions
(Figure 14)

El-e ctron
Density

l_, L4, 8, 4, 11, 5

2e l-3t 7, 3, I2o 6

Remaining inner
carbon atorns

0" 998854

1" 000094

l_.001_052

Figure 14: Triptycene molecu.l_eu
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PREDIOT]OI.ü OF'

A) FROI{ THE TABLI¿S

Cl-ass of proton

A

B

b) CORRECTED BY

Class of proton

A

D
.u

c)'( coRREcrtrD

Cl-ass of proton

A

B

d) 'l-' coRRECT¡lD

Class of proton

-tr

B

Tabl-e XI

THE CHEI.4]CÀL ,JHIFTS

OF TRIP'1-YCE]\E

OF TH}J RING PRTJTOI{S

0!' JOHi{SOti AND BOVEY

A-l- (p.p"m. )

+0.0L

-o"2!

THE Iì{ULTTPLICATIVE FACTC,R 0"63

Alt ( p. p.m. )

+0,03

-0"13

BY SUBST]TUENT E]¡FJìCT

Substituent effect(p"p.*. on l scal-e)

+o "26

+o"26

BY SUBST]TUENT E}-FECT

Substituent effect
(p.p"*. on ? scale)

1-U " ¿O

+o.26

1(p"p.m. )

z"82

?,57

î t (p. p,rrn )

2.81_

2.65

ltt(P.P.m.)

3"08

^ 
cÌ¡a. o)

Tut (p"p.m. )

3,o7

2"9r
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A . TI\ITRODUCTTOTü

The nuclear magnetic resonance spectrurn of

triptycene has been analyzed previously by Srnith and

Shoulders (55). The previous a-nalysis vuas made on spectra

lacking the resol-uti-on and line separation of the present

spectra. In ¿ddition, the analysis by Smith and Shoulders

assigns a vaLue of zero to the para cou.pling. A value

for the para coupJ-ing oi O.57 cycles/s€c. ¡ obtained in

the present i,vork, is more reasonabl-e in viet^¡ of the ra.nge

of known para couplÍngs of protons on the aromatic ring,

Smith and Shoul-derst results are compared with the present

work in Table IX" ft j-s important to note lhat Smith and

Shoulders ? resul-ts vrere given for an acetone sol-ution

whiLe the present rr'ork gives results for a carbon disulfide

solution.
The large ring system of the triptycene molecul-e

suggests the application of ring current theory in an

attenrptto eval-uate anisotropy effects.

Smith and Shoul-ders have reported a value of

I45 cycles/sec. for c13-tt couplì-ng constant of the brldge-

head proton which they consi-dered too high. The method of

Goldstein and Reddy (46) is used to predict a val-ue for

the coupling constant v¡hich supports their experimental-

val ue o
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B - THB CHJJMICAL SH]FT OF THE R]IVG PROTO\]S

The triptycene molecul-e (Figure 14) contains

three aromatic rings" Each can produce a ring current

as outlined in Chapter ff , Section C, Part l-" The tabl-es

of Johnson and Bovey (Zt) for the calculation of

anisotropy effects assume a ring current equal to that

in the benzene mol-ecul-e. As was pointed out by Pople Q3)

the ring currents in the various rings of a polycyclic

compound are not al-l equal to that of benzene. ft is
possible (23) to calcufate the ring current relative to

benzene by a mol-ecul-ar orbital method, Therefore, before

applying the tables of Johnson and Bovey, a molecular

orbital cal-culation was made to determine whether there

was any overlap between the aromatic rings"

A Hückel type molecular orbital cal-cul-ation

was made on the îi electron system using a l-inear com-

bination of symmetry orbitals as outlined b¡r Cotton (fi)

for '.bicyclooctatriene" The overJ-ap of the i el-ectron

system between rings can occu.r only at those sites of the

triptycene molecul-e which correspond to bicycl-ooctatriene"

The detail of the cal-culation is given in Appendix A. The

results, suûrmarized in

change effected in the

Table X, indicate that the larSest

îí el-ectron density is a decrease
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from 1"0000 to 0.9989 (a.cha.nge of 0"0011)" ft v¿as

assumed, that any change of ring current r,r¡oul-d be negligibJ-e.

The ring current in the triptycene rings was assumed to be

equal to that of benzene"

The chemical- shift was estirnated for both

cl-asses of ring proton in the triptycene mol-ecule. The

ring current effect due to the tr"¡o opposite rings occurs

in addition to the effect of lhe ring on r,vhich the protons

are situaled" Johnson and Boveyrs tabl-es r{iere used to

calcula.te this shift, A ?, by the two opposite rings.

Appendix B describes the calcul-atj-ons; Tab1e XIa l-ists

the predicted val-ues of the chemical shifts of the ring
protons T ^ and T-, The chemical shifts were obtained

_u

by adding A 1O and aÎ, to the experimental 1 val-ue of

benzene, 2"78 p.p.m. Figure ?Ib compares the predicted

che¡aica-L shifts of Table XIa with experimental values

(Figure Zi-a) "

In bhe description of ring current theory in
Chapter II, j-t was pointed out that Jonathon, Gordon and

Dailey Q5) had observed a systernatic d,iscrepancy between

experimental- and calcul-abed (ttrat is, predieted) chemical

shifts" This cliscrepancy can be formuLated by the

rel-ationship noted by Dailey (56)

(oul o -ã*pul_ : 0"63 Âr"rl"rd - o"f3
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As seen from the graph of Figure l-0, there is considerable

scatter of data about lhe straight l-ine, and the equ.ation

(6C) can be used only to give a rough correction for the

inadequa,cies of ring currenL theory. It should, holvever,

be noted that the two poi-nts (1"44, f .38) and (I,29, I.3l+)

which l-ie considerabl5r off the stralght l-ine pertain to

the 4 and 5 positions of phenanthrene anci the I position

of triphenylene (Figure 22), respectively. Inspection

shows that there is steric hindrance of the protons in-

vofved" Strong Van der lilaal-s interactj-on can occur between

these protons resul-ting in a decrease in the shift 6 (an

increase in ? ). fn the case of phenanthrene, this shift

was shoi¡¡n to be of the order of 0.5 p.p.m, (57) " None of

the protons of triptycene are sterical-ly hindered, and a

large d.iscrepancy frorn equation (60) due to Van der Waals

shift is un1ikeIy"

Equation (ó0) cannot, hor,,rever, be used. in its

entirety. The best relationship fitting the data of

Figure 10 is a straight line which intercepts the y axis

at (0, -0"13)" This cioes not hol-d for bF smal-l- and

approaching zero" AØ is the chernical- shift relative to

benzene , and for ben zene both A r 
cal-c r 6 and o- u*r, ,

are z,ero" Clearly, any line which fits data for small

A0'must pass through lhe origin. The ring current theory

gave ot.U = +OoO4 and oTg : -0.21 for the ring protons
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(where At : - Ag.) . Both these val-u-es are much smaller

than the chernical- shlfts given in the data of Jonathon,

Gordon and Dailey. The constant terrn -0"13 is comparable

to the val-ue of A T and is not applicable to values so

cl-ose to the origin. The multiplicative term may or may

not apply for such val,ueso

To ill-ustrate the case in which the multiplicative

portion of equation (60) holds for the triptycene ring

protons, Table XIb l-isLs the values of T n' and ?otAIJ

obtained by a.dding Al 
t 

to the chemical- shift of benzene
t

where AT is calculated frorn the relation
t

¿A,1' : oo 63 al

The chemical- shifts îi ana -f; are compared ivith exper-

imenbal- values in Figure ZIc,

In addition to the effects of ring currents, a

substituent effect must be accounted for' fn the case of

triptycene, the substituents are the tlvo C-H groups held

flxed in orientationn In both cases, the carbon i-s

attached to three benzene rings and, ideaIly, the substitu-

ent effect should l:e estimated from a mol-ecu1e such as

triphenyl methane. Unfortunately the ring currents present

in such molecul-es rnake it impossible to isola.te a sub-

stituent effect. For lack of a better approxirnation, the

chemical- shift observed betr^/een benzene and ortho-xylene

was taken to approxirnate the substituent effect of triptycene
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From the tabl-e compiJ-ed by G. V" D. Tiers (58)

'l- (u"nzene) : 2.73 p.p.fr. r ? (ortho-xylene) : 2"gg poporïi.

and the chemical- shift is +0.26 p.ponì. on the 'i- scal-e.

This value was added to tO and TB" The resulting shifts
ll tull'( 

A and I B are listed 1n Tabl-e Xf c and ill-ustrated in

Figure 21d. The substituent effect was al-so adclerl to T ^'.A

and -f ^ to give f ^ and {,- as l-isted in Tabl-e XfdbAE

and il-Ìustrated in Figure ZIe. The results shown in

Figure ZLa - e indicate that good agreement is not

possibJ-e with any of the cases considered. The number of

the factors contributing to the chemical shift is such that

any attempt to l-ocal-ize the failure is Ínconelusive" The

discrepancy betiveen predicted and ex¡:erimental val-ues is

due either to a failure of the rlng current rnodel, in-

accuracy of the substituent approximationr or some other

effect not considered in this work. Smith and Shoul-ders' (55)

suggestion of an frarou,nd the barrelfr current perpendicul-ar

to Nhe face of the rings fal-l-s in the l-ast category. In

view of the molecular orbital- calcul-ation of iippendix A,

hoin¡ever, such an effect seems unlikely. Figure ZIa - e

shows that the predicted separatJ-on of the line positions

of the ti,vo cl-asses of protons is too small in al-l- cases.

Since ortho-xylene gives a spectrum of a singJ-e l-ine (see

reference 59) , it can be assu-med that the substi-tuent

effect does not contribute to the separa"tion, but ra.ther
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al-ters the shift of ortho, meta and para protons by the

sarne amount " The ring current model is then the alter-

native source of error. Figure 2l-d (fanle XIc) indicates

that the ring current effect predicted by the tables of

Johnson and Bovey gives better agreement than the val-ues

given after the correction A.l 
t : O.lÚ4 T . This

lndicates that for low values of the ring current effect,

the correcLive equation (equation 6O) :-s inapplicabLe in

its entirety" Perhaps another simple correlat'ion exists

which coul-d be used to give a better estimate for ring

current effects for smal-l effects, but data is required

for a larger number of cases before a generalization

can be made"
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C C13-u CoUFLII{G CONTSTÀI{T OF THE BRIDGEHEÀD GRCUP

The experimental val-ue for the chemical shift of

the bridgehead proton was deterrni-ned to be T : 1+"79 p.p.m.

A calcul-ation of the ring curuent shiel-ding frorn the

Johnson and Bovey tables gives a val-ue for .A? of

-0"65 p.p.m. for each ring. The total effect for the

three rings is At = -L.95 p.p.m. This value for A?

places Aa (equal +I"95 p.p.r,1. ) in the range of data

given in Figure l-0. It is assumed that the l-inear rel-ation-

ship is applicable and At is corrected. on the basis of

equa.tion (60) . The resul-ting value Alt - -0.98 poponlo

shoulcl represent fairly accurately the cha.nge in chemical

shift (on the T scale) du-e to ring currents. An estimation

of the value of the chemical shift of the bridgehead proton

in the absence of ring current is obtalned.by subtracting
I

A.l' from t = 4"79 p.p.rr. to give a value of 5.77 p.p"nl.

Chapter V of this thesis gave an outl-i-ne of the

emplrical rel-ation between Cf3-H coupling constants and

proton chemical shifts described by Gol-d.stein and Reddy (46)"

An application of this rel-ationship to the probJ-em of

d.etermining lhe C13-H coupling constant woul-d require a
1f

graph of C"-H coupling constants plotted against the

chemical shift for a series of simil-ar compounds" Ideally

the graph woul d conslst of data from a series of molecules

r,vhich: a) have the same hybridization, b) have the ÇI3
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atom of the c13-u bond attached to three other carbon

atonns, c) have no heavy nucl-eus substituents (for reasons

outl-ined in Chapter V) anci d) do not contain ring structures

which introd.uce anisotropy consideralions" The required

data is not availa.ble, but Drago and Matwiyoff (ó0) have

rneasurecl the Cl3-H couplings for various CH3X compound,s.

The graph of Figure 23 was obtainecl by choosing frorn the

data of Drago ancl lvlatwiyoff values for rnolecules in which

X is not a heavy substituent. fn addition, data from the

tables of Goldstein and Reddy are also shown for the case

of sp, molecul-es in which there is no aromatic ringu The

mol-ecul-es chosen from Gol-dstein and Reddyrs table were:

cycl-ohexane, isobutylene, o<-methyl vinyl methyl ether (o),

crolonaldehyde and c,< -methyl vinyl methyl ether (methoxy) 
"

Although the l-atter series contains secondary carbon atoms

(Drago and I,{atwiyoff deaftonly with primary carbon structures)

the l-ines frorn the Lwo graphs are very similar" Although

not identical they l_ie cl-ose enough together to support

the concept that the l-ine is a general one for sp3

hybridized carbon. In the absence of anisotropy the

graph shou.l-d give an estirnate of the C13-ti coupling

constant for given T 
"

The chemical- shift of the bridgehead positions

altered by the removal of anisotropy effects is ?-:

5.77 p"p.m" This val-ue is shown in Figure 23 P-s a dotted

line a¿ 1 : 5"77 p.p.IT1, The intersection of the dotted
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line with the graph inciicates that a value of L{5 cycles/sec"

or hi-gher is reasonabl-e for the Cf3-lt coupling constant.



Chapter X

SUJITI.4ARY,ôJ\ D COIÙCLUSIONS
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SUIúü\,IARY A}iD CONCLUSIOT]S

The nature of the resul-ts obtained in this

rn¡ork are such that actual- conclusions about the ring

current theory itsel-f are not r/üarranted. The ring

current theory predicted trends and relative values

correctly, but was unable to predict absol-ute val-ues

with sufficient certainty Èo indicate a generaL val-ue

in predicting chemical- shifts from first principles.

ft was, however, possible to obtain some agreement for

the shifts of A, B and bridgehead protons within a framework

of reasonable assumptiol'ts,

The literature available on application of

ring current theory (56) indicates that best agreement

shoul-d be found by altering the values of AT , predicted

by the Johnson and Bovey tables ( 21) , using the correlation
(equation 60) obtained from a comparison of predicted

and experj-mental- resul-ts in a vari-ety of applicatj-ons

of the ring curreni tabl-es. The results obtained on this

basis, shown in Figure ?J-e, do not give very good agree-

ment in the case of triptyceneo The best agreement was

obtained using the tables of Johnson and Bove¡r without

correction by equation (60), as shown in Figure 21d'

The ring current lheory, applied to triptycene,

predicted ùhe correct refative magnitudes of the chemical-
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shifts. The chemical shift of the .4. nucleus was predicted

to have a greater f value than the B nucl-eus" This

result r.n¡as verified by the Íact that B protons by reason

of geometry couple with the briclgehead protons, and the

low fiel-ri half of the spectrum I^Ias coupled. The ring

current theory proved to be adequate for predictions of

a non-absolute nature" ,,

The lack of absol-ute agreement of predicted vrirh

experimental shifts is attributable to errors in the :

estirnation of either the ring current effect or the sub-

stituent effect. Äny explanation based on currents in-

volving more than one ring is u.nJ-ikely due to small p-

orbita] overlap between rings" The substituent effect 1s

expected to al-ter the chemical shift of both A and B

protons by the same amount. Discrepancy in predieted line

separation is attributed to fail-ure of the ring current

approximation. The corrective equation applicable to the

majority of data obtained. from the ring current theory for

polycyclic compounds is not applicable to triptycene" Itrs \ 
'\

generality is, therefore, questionable.

The bridgehead proton shift after removal- of the

anisotropy effect predicted by ring current theory was found

to fit a generalri-zed ptot of c13-tt coupling constant versus

chemical- shift for a series of sp3 carbon compounds' The

fit, however, indicates only approximate agreernent for the

predicted chemical shift 
"



APPENDIX
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A - I"TOI,ECULAR ORBITAL CALCULAT]OI\] OF TH}I II ELECTRO]''I

SYSTEJ.,T OF TR]PTYCENE

A rnolecu]ar orbital cal-cul-ation was carried

out on triptycene to delermine the effect on the

electron system of orbital overlap between the rings"

Vüithout interaction between rings the triptycene

el-ectron energy diagram woul-d be the combination of

the energy level-s of three benzene molecules; interaction
produces,.onfy a slight modificalion"

Orbital- overlap betrveen rings is possible only

for the sj-x ring carbon atoms nearest the center of the

rnolecule. The geometry and s¡r¡n¡netry of these carbon

atorns corresponds to the f electron system of bicyclo-

octatriene. The cal-cul-ation of mol-ecu]ar orbitals and

energy l-evel-s of this molecul-e (53) was u-sed as a gui-de,

The nuclei of the trlptycsne mol-ecu1e are

label-led according to the system empJ-oyed for the

associated hydrogens (Figure 1[) " The inner carbon

atoms of the benzene rings are additionally l-abeLl-ed

U to 20 (Figure 24) " The problem is simptified by

classifying as equivalent the nuclei lying at the sarile

radius from the center axis of the molecule. Thus carbons

V to 20 belong to Cl-ass f , carbons l-r14, 8e 4, 11, 5

belong to Cfass II and carbons 2e l-3t 71 3, !2, ó Ue1çng
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Figure 2l+: IVumbering system of carbon atorni-c orbital-s,

to Cl-ass f II,

The molecul-e belongs to the symmetry group O3r,

(as does bicyclooctatriene). The reducibl-e representation

Ir __^, of lhe eighteen atomic p orbital-s can be reduced to( reo"
eO f"u¿. : 3 fÁ,^ + 3[t4,, + ¡ fn, + 3f16,,.vuc '.e I

Alternatively, the reducible representation f :-^ of the
¿ vua

six atomic p orbitals of each cl-ass j-s given by

+ f o'l * f o, + fto,,
fr¿ È

t
A"a

(e7)
?

fred.=t
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The irreducibl-e representations of equation ß6)

can be used to generate a set of eighteen symmetry

orbital-s from the atomic orbital-s. The use of symmetry

orbitals resul-ts in a factored form of the 18 x 18
àeter n¡ t nant

secuÌarfiderived in the Hücke1 method"

Al-ternative to setting up eighteen 18 dimensional-

symmetry orbibals, anotherset of syrnmetry orbital-s is

defined util-izing the fact that none of the symmetry

operations of the D3¡ Broup interchange carbon positions

between cl-asses. The al-ternate set consists of eighteen

6 dimensional symmetry orbitals generaterÌ by the appJ-ication

of equation (97) to al-l three cl-asses of carbons, The

syrnmetry orbital-s used as a basis set are listed in

Tabl-e Xff.
The mol-ecular orbital-s are constructed as linear

combinati-ons of the 6 dimensional- symmetr:y orbitals

P:- : trn fli * ciz'þz n,rn ò ê " cio-g /t8ur,, .

The determinali-on of the coefficients trj is carried out

by the variational procedure of the Huckel- method. The

secular equations are obtained:

crr(Hrr - u) * crzTLzn o o n cr r-BHr r-g: o

a

crg t(HrB 1 - E) * ct6 zHrg z+ e a, ctg rg(Hrg tg-E) -0-
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The secular determinant is
'H.. J..il:o(çe) l,r, rJ r

where nrj : Q ,H !¡ and E is a root of the secul-ar

equaLions " N ls the Hamiltonian operator and / , and

U) , are the 6 ciimensional- synr-netry orbitalso H* * isI J J ----J fJ
zero unl-ess the symmetry orbital-s þ, anrl f j belong to

the same irreducible representatlon. Thus the only off
diagonal el-ernents for the rnatrix occur between the three

symmetry orbital-s of Table XII belonging to each syrnmetry

group. The 18 x 18 determinant is factored into 3 x 3

determinants, and in deterni-ning energy l-evel-s only the

3 x 3 determinants for each symmetry group were seN up"

The 3 x 3 determinants were set up using the

assurnptions:

H.. : o<
l_ l-

H., . : F if 1 and j are adjacent on the sa.me benzenel-J t

r]-ng

H..
r_J

benzene

H..
1J

:f'
rings

-o

if i and j are adjacent on different
(Figure 25)

except for the above tv¡o cases.

.:..,_:..',..-'..t.'..':--i-]^-.:.'.-

Cotton tsjl estimates the value of f' as o.If ,

This value was used in the present calcul-ations. The

energies were obtained by solving the 3 x 3 deterrninants

by the Ner,,¡bon-P,.aphson method of successive approximations(ól-)
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Table Xff

p - ã Sï,t[,ETRy oRBITALS
I

QoL

Eoî

Qo"
z

Q ouu

,¡r^i

,¡, 
oi,

þo""a

Q,,,
b

(o"
u6-

,þ,',o
"b

,l,o':
L

{r'i
b

,13
-? p,,

-0-

{ *,i*
À

. /5-
9u:

q;i
ò

,1, 

"::,ua,

Q;:,
b

óuu órr*ótto
ø3+ drr*Ón
*órz*Ørn-Ó

+ és*/e)
+ Øø*ór)

16 ór*- dro)

Ørr'Ør)

= r/[6 (óv* óro* órz * órs* Ørs* óro)

V,[6 tót *

Lh[6 (ór*
tttll t ó v

: L/ztE |aóv ó rt - Ø r, " eør6 - ó rn Ø rot
:L/z(óv þrs* dr_*- óro)

: t/zlT taþt- ór, Óe*tó,r- d rr- Ø r)
: r/z tóur- ds* Ór, Ør)
: t/ztlT eó z ó rt Ó z *aØ t - Ø r, * d a)

: L/z (ó v - ó z * 4r, - ó o)

:Uz[1 taúv órz-þrç-a/16+ órrudro)
:r/ztútz-þrs óre*þro)
: t/nlT taó t - ór+ - ø s - aþ L * ør_r * Ø r)
:r/z(ów*Ós-Ørr+þs)
= t/ztF(^$ z - Ó n - ó T - adt+ 4rr" I o)

:L/z(dv-/r-Ørr*Øo)
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Figure 25: Inter-ring overlap of Class I p orbitals.

The energy level diagram is shown in Figure 26. The

coefficients ,"\rere then cal-culateri from the secul-ar

equalions and el-ectr"on densities weue calcul-a.ted assurning

the lowest nine energy l-evel-s fil-led" The el-ectron

densities are l-isted in Tabl-e XIII"

Table XIII
IIIECTROI! DE}üS]TIES TN THB OARBOIJ p * I rRBrrals

Posit ions El-eclron density

T,

2,

I5

14r E, 4, ff,
L3t 7, 3e L2,

, 16, 17, f8,

o. gg885l+

l-" ool-052

I 
" 
00009&

)

6

19, 20
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o.89s53r
0.968943
r.ot72 86
1.o4E690

t.940352
2.O 3 522A

Figure 26:

&^,A[ _r,FL_ 
-lL

nZ 
-tL.

It-

Energy level- diagram of the p- r( eLectron

system of triptycene,
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B - CALCULATIOi\I CF RING CURREI'IT SHIliLllIi'{c

The ring current in the benzene rnol-ecul-e

pùoduces a rnagnetic fielcl arouncj- the benzene mol-ecul_e,

Using the ring cu-rrent model- of fu'augh and Fessenden (19)e

Johnson and Bovey (21) cal-cul-ateci the resul_ti_ng shielri.ing

in p"p.m. as a function of the position measurecl in
cylindrical- polar coordinates.

The posì-tions of the ring protons of one rlng
rel-ati-ve to an origin on one of the opposed rings l,ver.e

measured using trlgonometric relations" The length of the

C-C bond distance was taken No be f"49 Ao and the C-H bond

length l-"08 Ao. All distances were converted to ring
t-radii (the length of the C-C bond and the unit of length

used by .Iohnson and Bovey) " The position of the bridgehead

hydrogen relative to an origln on one of the rings lvas

also measured" These val-ues are summarized in Table XIV.

Table XIV

COORDII{ATE POSITIONS F'OR AtL CLASSES OF TRIPTYCJJI'üE

IlYDRC'Gltll\f RELATIVE Aiti ORIGIN Ol'l OIr]}, üF THE RII'üGS

BridgeheadH AHrs BHes
Coordinate (ring radiil (ring radii) (ring radii)

2"48

U

J .4ö

2"83

a '1 ,
J s -L¿*

1.50
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The averaging process involved ln the shielding

effect renders negative and positive val-ues on the ttztt axis

equivalent. The effect on the ring protons A and B of the

two opposed rings is therefore doubl-e that due to a single

ri-ng, The shielding at the bridgehead proton is triple

that riue to a single rlng. The tabl-es of Johnson and Bovey

give a value for ,5,1' the shiel-ding relative to benzene for

va.lues of I and ltztt ranging from 0 to 4"00 in increnents

of 0.01. The val-ues of 5 
t 

ru"u cal-cul-ated from the tables

using the values of I and ttztt given in Table XIV" Positive
rlè corresponds to an increase in the apparent flel-d and thus

to a decrease in the apptied resonance field and in ^(,

AT : _S'
-1Values of é and AT are listed in Table XV.

Tabl-e XV

SHIBTDING AT THE D]FFEREI'JT CTASSES OF PROTOI{S Il\1

TRIPTYCEI{FJ

Bridgehead A protons B protons
I

5

a.'(
+L.95

-r,95

-c"04
+0" 04

+0" 21

-o "2r
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