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ABSTRACT




A snort introduction to the quantum :mechatn:tcal_ calcuylat_ionvof spin ?spin
coupling constants between protons is followed by a brief discussion of the |
mechanism of -Iong—range coupling'between protons separatéd by four, five,
and six bonds. According to experintent, supported at least partially by

theory, the couphng over five bonds between methyl and ring protons in

toluene der1vat1ves has contr1but1ons from both sigma and pi electrons The

analogous coupling over six bonds is dom1nated by a pi electron mechanism.
Both couplings are quite insensitive to ring su]ostitution but are evidently
sensitive to the conformation of the Cc-H bonds in the methyi group.

In this thesis it is shown that o - substitution of 2,6 - di'chlorotoluene
changes the six - bond coupling bnt‘leav'es the tive - bond coupling unchanged.
The six - bond coupling decreases in a roughly linear fashion as the electro-
" negativity of the o - substituent increases. _Extrapolation to the electroneg-
ativity of hydrogen yields -a coupling of -0.3 Hz, half the observed value in
‘ 2,6 - dichlorotoluene. The velue of -0.3Hz forv the six - bond coupling is
consistent with a pi electron mechanism operating for a conformation of
a-X-2,6- dichlorotoluene in which the C - X bond lies perpendicular to the

plane of the aromatic ring.
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" Chapter I

Introduction




i_.) ' 6rig;in of Nuéleai‘ Spih - Spinv Coupling
Nuclear' spin - spin coupliﬁg arises through the pertui‘bation bjr ohe
nucléus of the valence electrons Which then produce a small magnetic field
th the other nucleus. The nuélear spin interacts with the electrons in three
ways * (1). | |
| a) The magnetic field of the nuclear dipolé interacts with the
orbital ‘niva.gnetic moments of the electfons. The. Hamiltonian for this

interaction is given by

o L.I R

H=gegNPNB —— 1.

_ ' r3 ,
where ge and gy are the Land€ g factors for the electron and fér the
nucleus, BN is the nuclear magneton, B is thé Bohr magneton,. and r is
‘the distance between .th’e:.x.mcleus and the electron. Lis thé orbital
angular momentum operator and I is the ﬁucleaf spin angular momen-
tum operator. For an S electron this term is zero since L= 0. The
contfibqtion made by this term to the overall coﬁpling is considered to
be Vsmall, abbut 3 Hertz (Hz), in the hydrbgén ﬁlolecule (2).

b) ‘The nuclear dipole magnetic field interacts with the elec -
" tronic spin dipole to polarize the electronic spins. This magnetic
" field of the electronic spins acts directly on the second nucleus. This

interaction is analogous to the interaction between two magnetic dipoles.

Selectrons, because of their spherical symmetry, do not experienée

% Sections 1 and 2 of this chapter follow the treatment of reference 1 closely.




this interaétion. The contribution of vthe.dipole - dipole interaction to

the. overall coupling has been estimated to be about 20Hz in vthe hydro-

gen molecule (2).

¢) The most important term is the contact term. An S electron

has a finite density at the nucleus and the nuclear spin A, in Figure 1,

tends to align the spin of electron A antiparallel to itself.” By the Pauli -

prihciple electron B is é,ligned antiparallel to A and the spin of nucleus B

will be antiparallel to the spin of nucleus A. |

As an illusfration of tﬁe célculvation of coupling constants a simple cal-
culation of the contact term contribution to the coupling consfant in the hydro-.

gen molecule is now given.




Figure 1

The Hydrogen molecule. IA and Ip represent the nuclear

spins and SzA and Szp represent the electron spins.



2) Nuclear Spin - Spin Coupling In The Hydrogen Molecule

The Hamiltonian for the contact term is given by
H= 8 T 8o Be By Brylra S 2
3 ePe SN “N'ZA TZA »
| where ge,Be »Bys &y have been defined previously. For convenience the
spins are considered to be definitely quantized along the Z direction and
only the Z portion of the operator I. 8 is retained. I is the nuclear spin
angular momentum operator and 8 is the electronic spin angular momentum
operator where
SzA = Sgz1 8(x31 -IA) + Sy56 (X2 -IA) 3.
is the "spin angular momentum density" of the two electrons at nucleus A.
8(r -rp) is the Dirac delta function which requires the electron to be at
nucleus A.
Taking A and 0B tobe the hydrogen 1vS 'orbitals of nuclei A and

B then the simplest bonding and antibonding molecular orbitals are

1
?Fb=& (fpa+ 9p) 4a.
Vo= = - N 4.

Let o denote a spin + 1 along with the z axis and let g denote a spin -5,

The complete singlet state wave function of the hydrogen molecule to the

zeroth order is

1 |
Uoms PplEp) Yplrg) (oyB8y ~ By 5.




The contact interaction acts as a perturbation which mixes excited states

with the ground state wave function. The first-order wave function is

e oS <n|szal® 4, 6.

b
5 "8.P8¢PxlzA % E-E_

where wn are excited states. The first order wave function now depends

3 I spi .
on the puc ear spin IZA

To evaluate the electron spin angular momentum density at nucleus

B the expression

<zlrlSZB|vlr> 7.

must be evaluated,where

A} - g 6 ; - Lo L - .
S 5 = Sy 0 (&) ~Ip) T Sy, 0 (L, ~Ip) 8

and operates only on the spin functions.

‘ 8 <x|sza|0>
dohs = <t - = z
< lSZBl ¥ =< T3 " B gNBNIZA n En_ EO wrl SZ

T <_"_I_S_Z_A_l°_> > 9.

T*r -8 I
x| o —ﬂgeBgNBN ZA n E -E n
3 n o

8 <n|S | 0> |

= < ] - —_— X 7ZA

UPOBZB‘,‘FO 72 s SngBgNBNIZA n E -E zlrnl SZB Mro g
n o

<n|Szal0 > <n|szal0 >
! g -g ¥ >
[¢]

LT % |8
ZA n En—Eo ”nISZB‘ n n n

8 2
+ =
< 3 ﬂgeBgNBN) !
10.

But, the first term in equation 10 is

, . | 92
<t 1Sypl¥, >= 2 < [’"b (xy) ”%‘iz)] > X




< o8- S(r. - 5 (r, - - 1L,
08~ ot |85y 82y ~Xp)+ 85,8 (Xy~15) os - Ba > 11

S, (aB-ga)= 3 A+ Ba) 12a.

S, ,(0B- B0) = -1 (o8t BO) - 12b.

Then, since (q8+8a) is orthogonal to (o8 - 8)

<

oISZB lzb‘o>= 0 | 18

The third term of equation 10 contains the matrix elements
< z,'rnl SZ Bl zlrn4> . In the hydrogen molecule the most important excited state
is a triplet state, where one electron has been promoted to the antibonding
orbital zjra. The triplet spin function is symmetric but the overall function

must be antisymmetric. Thus the first triplet state is

¥ =% [tz ¥o 2 = Ty ) % (ry)] (a2t 80) - 14a.
o o |

o= ["”b (£ ) B, (xy) - U (x) (zz)] (o) 14b.
" 1 P . -

e Jg[.lrb@l) U (z,) ?zfa(zl)f!fb@:z)] (88) l4c.

Then the term

< zlrllSZBldrl >= K<op+ BaISZBlae+ Ba >

1

Kx<ogt+pa| ag-8a >

= 0 : 15.

where K is a constant. The other two triplets also give vanishing matrix
elements. Similarly, any singlet excited state gives vanishing matrix ele-

ments.




The second term in equation ten which gives the electron spin polari-

zation at nucleus B is

8
(- 378,BNBrlz A)

<nSZA 0> z<n|SZA 0>
[< D 22z I S— ‘”n>] 16.
n (o] n o

¢(>>.+< ¢0|S

where y 0 is taken to be r,bl, the first excited triplet state. The energy

of the interaction of the spin polarization with nucleus B is given by

8 | |
3 "8, PixPizy < VSBY 17.

and it can be rewritten as

T 5 2
Ilza'28 = Tza'zs [( " 8P EnPN
T < > <y P >+<y P >< Lo >
(I nlsZAlo n|sZB| . olsZBI . nlsZA 074 18
l
E -E -
n o

_Then

J-"—(—%’ﬂ geBgNBN)2 I <n|SzAl0><n|Szp| 0>+« olszglw<nlszale> o

E -E )
n (o]

and taking wn = \Pl

<ys, o>=<} [w L)) - b ()Y b(-I:Z)J B+ o)

X8, 8(x;) ~L ) Sy 8 (x,

1
")l f Vplty) Vplzy) G -po) > 20-
Using equation 12

o S -1 )-8 (r -
<1ls,, 100 =55 < Ty v ) - V@Y e)lie x-S, -xy)

x | %(51”’1)(52) > 21a.




-1
ENE) {< wa(zz)! &zx, 'E‘A)l by (Z5)>

-1
Tz Y2 'y

Therefore

-1 2 2
<1|sZA,|0>= 505 (¢a (x,) -Q'b (EA))

Q’az (r A) will be the dominant term because (Xa js centred on A.

Then
A4 9
<1|SZAb>_ 242 % (fA)_
and
1 2
< 0 >= =
1 bZVBI 2 P %, (zp)

Therefore, in equation 19 the summation may be'replaced by

2 2
: 1] 0 -
2 <1ls, J0><ys, o> -8 @) @y
E -E ' 4(E -E)
n (o] n 0
Then

8 2 2 2
T=(gnepepy) ¥, () % (xp)
4 AE

= 174 Hz.

21b.

21c.

23a.

23b.

24.

26.

The experimental value is 280 Hertz which is derived from the coupling in HD.

This calculation of the coupling in the hydrogen molecule illustrates

the fact that couplings between nuclei are second order properties of a molecule

and consequently their accurate calculation depends on a knowledge of accurate

wave functions.
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3) Valence Bond Approach To Couplings Over Many Bonds

A) Couplings Via o - Bonds

The coupling constants over a number of bonds in saturated hydrocarbons
can be described as follows:

1) The Propanic Fragment

Consider the example of coupling in a propanic fragment, Figure 2, as
given by Barfield and Chakrabarti (3). The two coupled nuclei are H and H'
where h and h! are their respective 1S orbitals. The eXpression for the
coupling is given by

4 4185 o 3 0 0
= (h ! — (h 1

0. 4 O, _..1 3ec0. . O _, 0, . 0 . o
+p (n “z)p (%)) =5 P (he,) p (czn)+p (hcz)p (czn )J} 26.

where | |
" — .1_ K(hh") + K(cc") - K(ch") - K(c'h)
pO(hl.l ) = 2 K(hc) + K(c'h") ] 264,
and
1 K K 1 - on -
po(h Gj) =3 [ (hcj) + (ch ) =K i ) -K(c UJ.)
Koy + K(o; o) 26b.

K denotes the two - electron valence bond exchange integral associated
with the orbitals given in the ar@ment. The first term in equation 26 repre-
sgnts the direct interaction between the two C-H bonds. The direct term is
expected to depend on the conformation. In Figure 2b the direct term would
be much more important than in Figure 2a. The next two terms give the
geminal-vicinal coupling. The geminal term is independent of the dihedral

angle but the vicinal term may be written as (3)




Rioure 2
SAgBYe &

The propanic fragment. ¢ and @'are the dihedral angles formed
by Athe C - H and C - H' bonds respectively with the Cy - C2 - C3
plane. In a) §= ¢ = 180° whereas in b) ¢ = ¢ = 0°, The
direct interaction between the ¢ -h é,nd ¢! - h! bonds is expected

to be more important in b) thanin a) .




: 11

b)
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Acos2¢+ Bcos 0 + C

il

0 1
p (ho)
fe) 2' |

p(czh')=Acos¢+Bcos0+C 217.

1
where 0 and ¢ denote the dihedral angles formed by the C-H and C-H' bonds,

respectively, with the C

\
1" C2 - 03 plane. In Figure 2a ¢ and ¢ are 180°.

The last two terms in equation 26 give the indirect vicinal-vicinal coupling.
These will again depend on the dihedral angle. Higher order terms could be

included in equation 26 but these are expected to be negligible.

2) The Butanic Fragment

The butanic fragment (Figure 3) which is discussed by Barfield and
Karplus (4) is a coupling over five-bonds. The indirect contributions are

expected to be of major important here and can be written as

5 4185 3 .o o, , .,
HH AR 5 P (co)p (©'ch) 28.

Both po(c o) and po(o'c') are vicinal terms and are written as

po(co) = ACOSZ¢ + Beos @ + C

le) 2 \ 1
p (c'¢")= Acos @ + Becosd + C 29.

where ¢ is the dihedral angle formed by the c¢-h bond with the C 1—C 2—C 5

. .
plane and ¢ is the dihedral angle formed by the c-h' bond with the C Z—C 3—C 4

has an angular dependence

! 5
plane. In Figure 3 ¢ = ¢ = 180°. Then Iy mr

of the form (3)

2
5JHHr = (A cos” ¢+ Bcos ¢+ C) (A'COSZ¢'+ B'cos '+ C)
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AV

- Figure 3
The butanic fragment. The main interaction is the vicinal-
vicinal interaction. ¢ is the dihedral angle formed by the
¢-h bond with the C; - Co - C3 plane and ¢ 'is the dihedral -

angle formed by the ¢'-h' bond with the C9 - C3 - C4 plane.



o1

‘The maximum coupling ocecurs for @-=¢' = 180°. 5JHH' is independent of :

the dihedral angle about the C 9~ C3 bond in Figure 3.

Experifnentaily it has béen obserVed that the trans-trans conformation

gives a larger coupling than the trans-cis conformation. In I the methine

.H _~Cl

\ " g H 3 ) H
Cl \C| e Cl/ |

C\H o C.\H '

I o trans—‘trans ‘ cis-trans

proton couples more strongly to proton 2 than to protdn 4 (5),d 1;— 0.5 Hz and -
J 14~ 0 but both are 5 bond couplings. The coupling is strongest al'ong the
straightest Azig—z.agvpath 6, 7). |

| Cquplings via ¢ bonds are attenuated fapidly, perhaps by as much as a
factor of 10 for éach ,additional intervening carbon-carbon bond separating the
.coupled nuclei (8). Few five bond couplingé in saturated hydrocarbons have

been reported (4) and those which have been reported involve multiple coupling

paths (3).
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B) Coupling Via. "-Bonds
In unsaturated systems the coupling may be transmitted by the = bonds.

This coupling, which is small and is much less rapidly attenuated than couplings

through 0 bonds, depends on the o- T configuration interaction (8) and may be

written as (8, 9)

2q 2, 2
I = CH NN'
h AE | 30.

pis the Bohr magneton, is the mobile bond order between carbon atoms

pNN‘
bonded to the hydrogen atoms, A E is the average excitation energy to the

triplet states. Q corresponds to an effective isotropic coupling constant

CH
arising from the interaction between a ™ - electron in a carbon atomic orbital
and an adjacent o - proton. Q CH depénds on charge (10) and hybridization of
the carbon atom (11) and is approximately equal to -24 gauss (12,13).
Acéofding to the treatment of Karplus (14) the coupling through a w
system is positive over an odd number of bonds and is negative over an even .
number of bonds. It requires that replac_ement of an etilylenic proton by a |
methyl group will change the sign of the coupling but not the magnitude, and this
is indeed observed. The proton-para proton coupling in benzene is +0.65Hz (15),
the methyl proton-para proton coupling in toluene is -0, 62 Hz (16), and the methyl
proton-methyl proton cqupling in a para xylene derivative is +0.62Hz amn. |
When one ethylenic proton is replaced by a freely rotating methyi group
the expression 30 can be rewritten as (9, 18)
FQ,Q

CH “CCH °NN!
h LE | | 31.

J

T
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where QC is the effective isotropic splitting constant for the fragment

CH
C- CH3 and is about +25 gauss.

Barfield has carried out calculations on the ™ contributions to long-range
couplings using self-consistent-field molecular -orbital (S.C.F. M.O.) wave-
functions where semi-empirical exchange integral parameters were used
(19,20). The ca}culations, which indicate that the coupling through the m -
system is very sensifive to configuration interaction, show an excellent agree-
ment with experiment for the proton-para proton coupling in benzene, the

methyl proton- para proton coupling in toluene and the methylene proton-para

proton coupling in acenaphthene.
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4 Hyperconjugation And Spin Polarization In Benzylic Systems

The 5 -coupling mechanism in an unsaturated molecule such as a
benzylic systém may be discussed either in terms of spin polarization or
hyperconjugation (21).

In the spin polarization modellthe electron spins are rearranged in
the aliphatic bonds‘ and spin density is transferred from the = -system to-
the o -system throiagh an exchange coupling (22). In Figure 4 the 1S
electron on the benzylic proton has a spin state antiparallel to that of the
benzylic proton because of the Fermi contact interaction. This electron
spin polarizes the spin of the other electron in the C -H bond, so that
these twe electron spins are antiparaliel in accordance with the Pauli
principle. Next the electron in the benzylic carbon - aromatic carbon bond
interacts with the electron belonging to the carbon atom in the C - H bond.
By Hund's rule a parallel arrangement of the spins of these two electrons
is inghtly preferred energetically to an antiparallel arrangement. The
other electron in the C - C bond has its spin aligned antiparallel to that
of the first electron according to the Pauli principle. At this point the
carbon - carbon ¢ -bond interacts with the = -orbital on the aromatic
| carbon atom. By Hund's rule the parallel arrangement of spins, I, is
slightly preferred over the antiparallel arrangement, I, (22). In the

aromatic ring the electron spins are successively paired as shown in




Figure 4
Figu

Spin Polarization and hyperconjugation in a benzylic system.




b)  HYPERCONJUGATION
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Figure 4, Tﬂe T - system then inferaéts With the aromatic C - H bond,
e.g., the para proton, polarizing the electron spins in the C - H bond and,
as before, the spin information is transferred to the aromatic proton.

In the hyperconjugation description the = -orbitals overlap with the
‘pseudo - n -orbitals of the ¢ -system (21). In Figure 4 the arqmatic

5« -orbitals conjugate with the behzylic C - H bond so that the spin of the

electron in the carbon n -orbital is antiparallel to the spin of the benzylic
proton. This conjugation is angle -dependent and the QCcH term in equa-

tion 31 may be written as (23, 21)

Qcol @ B cos?8 32.

" where @ = 0 when the C - H bond lies in a plane with the adjacent carbon
p- n orbital. In the aromatic ring the electfon spins are successively
paired and' the rest of the interactions are exactly as described for the spin
~ polarization mechanism.

_ The difference between the spin polarization description and the hyper -
conjugation description is that the former is independent of the dihedral angle
8-, whereas the latter has a cos2 9 dependence. Colpa and de Boer (21),
however, calculate that spin polarization makes only a minor contribution to '
the total coupling. Bearing in mind that a coupling constant is defined to be
positive when the spins of ‘phe coupled nuclei are antiparallel and negative
when the nuclear spins are parallel, both the spin polarization and hyper-
conjugation mechanisfns correctly predict the signs of the coupling bgtween
the benzylic protons and the ortho-, meta -, and para - aromatic protons to

be negative, positive and negative respectively (6, 16).




Chapter 1T

Long - Range Couplings In Benzylic Systems

With Hindered Internal Rotation




1)  Angular Dependence of Benzylic Couplings Over Five and Six Bonds.

In a benzylic system the benzylic proton - para proton coupling is
transmitted by a ﬂ—mechanism (8, 9, 24) and it has an angular dependence

which may be written as (21, 23)

6. H,H'
Ip

= B cos2 e : 33.
where € ié the angle between the benzylic C - H bond and the axis of the
first aromatic = -orbital. &= 0 when the benzylic C - H bond is per-
péndicﬁlar to the plane of the ring.
The benzylic proton —.meta proton coupling is‘transmitted by both the

o-and © - mechanisms (4, 8, 24) so that the pbserved coupling may be

expressed as |
H,H'

J =3 + 30 34.
m ’ m m

The . - contribution, J n’f , which has the same angular dependence as the
H,H

para coupling J p ** yvanishes whenever the benzylic C - H bond lies in the

plane of the ring. J nr?’ which is a five - bond coupling similar to the butanic

coupling may be expressed as

Iy o (A cos2¢+ B cos J+ C) (A' cos2 ¢'+ B cos J' + C) 35.
~where ¢ and ¢ i (see Figure 3) are the dihedral angles about the Cl—C 9

and C 3" C 4 bonds respectively. @ = G" = 180° in the trans - trans confor-
mation but ¢ = 0 and ¢’ = 1800 in the cis - trans conformation. As far as
J n‘f is concerned, the benzylic proton - meta profon system may be viewed

as two butanic fragments where in compound I the C, - Cy- C3 - C, system

21
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C
X |
C\.C C-\C,
l l
™~ H' C\ H'
trans-trans | _ o cis-trans

is in the trans - trans configuration with ¢ = ¢' = 180° and the C -Cy- C7 - Cg
system is in the cis - trans configuration with ¢ = 0.and ¢ "= 180°. In both the
trans - trans and the cis - trans arrangements ¢ "= 1800 so that the expression

35 may be rewritten as

2
I =K (Acos §+ Bceos § + C) 36.

where K is a constant. This expression predicts unequal couplings to the two
meta - protons. The compound @ ,& , 2, 6 - tetrachlorotoluene, which at -40°C
has the benzylic C - H bond in the plane of the ring, shows proton - proton

coupling constants J 19" 5Hz and J§ 14~ 0 Hz @) This coupling is considered

C
e

Cl Ci

HZ -
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to be transmitted entirely via o-bonds. Using these values for the coupling v

o]

constants J m ‘could be written as

2 _ :
Jnf = .25 cos @ - .25 cos ¢ 37.
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2) 6JnH » CHz In Catsee With Hindered 1nterna1 Rotation As Compared To |

" - Free Rotation.

The angular dependence of 6J pH’H given by equation 33 can be applied

to systerns where there are more than one benzylic proton and where the

benzylic group rotates. In toluene the methyl group rotates about the carbon-
- carbon bond axis where the barrler to thlS rotation is only 014 kcal /mole

(25) The rotational kinetic energy ‘is 2kT by the equ1part1t1on theorem,

which at room temperature is about 0.3 kcal /mole. If therefore the rota-
tion is considered to be free and if the frequency of this rotation is greater
tha:n the coupling between the beh‘zylic protoh- and the para proton the coupling

constant will be averaged over one revolution for each of the 3 -methyl pro-

‘tons. Then

6; H,CHs _ 2 B 38.

2
_ - < ——
p —-3B 3cos B> =

DO |t

The compound II, whefre Xisa

X\ (.‘l\

Cl Cl

-l H

substituent, is a case of hindered internal rotation. The methylene group
and the frame both have a two - fold symmetry axis and so the rotational
barrier will be syrrimetrical. The most preferred conformation will have

~‘the substituent X perpendicular to the ring (26), with each C - H bond lying
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| é.t 306 to the plane of the-.rinfr. If thé fot"&tion&l barrier, V;, is high enodgh
(V /kT about o) it can be assumed to be a s1nuso1da1 potentlal and the motion

~ of the methylene rotor may be treated as s1mp1e harmonic (26) This approx1;
- mation is vahd provided the anorular amphtude 15 small Obvmusly, near the.

o top of the barrier a simple harmonic oscillator is-a very poor

-approximation. The angular displacement from equilibrium is given classically B

by (26)
VG(t)=IGOI+¢sin.(2ﬂ‘t/’:) . 39
| whéfe His the equilibriumha'mgle“ made. by the C -C— H plé.ne wifﬁ the pz
orbital on the first aromatic éarbon atom. ¢ is the maximum amplitude 6f
the motion,vand T is the period of the oscillation.
If the frequency of oscillation is Iargér than the coupling of the benzylic

proton with the para proton the coupling is given by

JH’ Chz _ Bécoszg (t)>

P , , :
‘ = B<cos2 (8o + @ sin (Z“t/r )> . 40.
3 2- BF (4, %) - 4L
where + /2 , . '
. . 1 2 ' :
d,8) =% j cos~ (Bp+ ¢ sin x)dx 42,
- /2
and . X = Z“t/-[ . 43,

Equation 42 is graphed (in Figure 5) as a function of ¢, the amplitude of

- oscillation, for 8, = 60°, Since the approximation of a simple harmonic
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_ ‘osc.illatcz)z". was ,uséd équation 42 and Figure 5 are valid for low valueé of !Zl
Figure 5 aisd ;hows thaf f;r small amplitudes of motion, about, 150 or less,
t.h’tla'f..zouplingv éonstaht is notvsensitive i:o ché,nges in the amplitude of motion,
' bl;lt' for 1argér amﬁlitudés it is sensitive to chénges in amplitude. For small

amplitudes of oscillation, then, JpH’ CHz_ 3J H,CH3

P
If the frequency of oscillatory motion'is less than J pH’H the coupling

constant will be constantly changing and broadened N. M. R. peaks will be

observed.

in toluene (equation 38).




Chapter IiL : |

The Problem
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In toluene the methyl proton - ring proton couplings are transmitted

by both o -and o -mechanisms and are insensitive to ring substitution.

JPH’ CH3 in toluene is -0.62Hz (16), in 2,6 - dichlorotoluene is -0. 63 Hz,

in 3,5 - dichlorotoluene is ~0.59 Hz (40), and in 2, 3, 5,6 ~ tetrachloro-

‘toluene is -0.63 Hz (41). The spectrum of 2,6 - dichlorotoluene is much |
‘simpler and easier to work with than that of toluene. The effects on the

coupling constants of inserting an ¢ - substituent in 2,6 - dichlorotoluene

shbuld be similar to the corresponding effects in toluene itself. The aim
of this thesis is the study of the influence of - substituents on the ¢ - and

- coupling mechanisms.




Chapter IV

Experimental




s

1) Sources of Compounds

" The compounds used in this study were obtained from the sources glven
m Table I. 2,6 - mchloroethylbenzene was prepared by hydrogenatmn of 2,6 —
dichlorostyrene. 3 M111111tres (ml. ) of 2, 6 dichlorostyrene were dissolved
-‘m about 20 ml. of d1st111ed methanol containing one drop of concentrated
- "hydrochloric acid. 50_ Milligrams of a palladmm — on - charcoal catalyst
v(IIVIatheson, Coleman, and Bell)bwere used.i ‘Air was swept out of the reaction
vessel by repeatedly lowering the pressure in‘.the ressel and then admitting
hydrogen gas. The reaction vessel was left on a shaker overnight. The
solvent was distilled off. 10 ML. vof chloroform were added and distilled off,
and this procedure-was repeated. Infrared and N. M. R. spectra of the re-
sulting compound were taken and were consistent with the structure of 2,6 -

dichloroethylbenzene. There were no impurity peaks.

2)  Sample Preparation

The samples were prepared as 10 mole % solutions in benzene -d 6 ’
(C 6D 6). A few drops of tetramethylsilane (TMS), about 7% by volume,
were added. The samples were degassed by the freeze - pump - thaw

“technique and were then sealed in the sample tube.

3) Recording of Spectra

The spectra were recorded with a Varian DA - 601 spectrometer

using internal TMS as the lock signal. The spectra were taken using the
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| f.reQuency.mode at a sweep width of‘50 Hertz> (H?) and a sweep time o‘fj
2500 seéoﬁdé. " The peaks"\%vere _calibrated by cbunting the sweep frequenéy
and inaﬁual oscillétor‘ frequénc_y on either. side of the peak, fdllowéd by
interpo}afiori. E‘ach peak was recorded’ five times. "The quéted errors in

the parameters are standard deviations.




Table T

Sources of Compounds.

Comgound

2,6 - dichlorobenzyl thiocyanate
2,6 - dichlorobenzyl amine
- 2,3,6 - trichloro-5 - nitro toluene
2,6 - dichlorobenzyl cyanide
2,6 - dichlorobenzyl bromide
2,4,6 - trimethoxy toluene
2,6 - dichlorobenzyl alcohol
2,6 - dichlorostyrene
deutefated benzene
deuterated toluene
2,6 - dinitro - 3-n.1ethoxy - 4-tert. butyl toluene
2,4,6 -triiodo - 3 - hydroxy toluene
' 2,6 - dichlorobenzyl chloride

2,6 - dichlorotoluene

33

Source

K and K Laboratories
K and K Laboratories
Alfred Bader Co.

Aldrich Chemical Co.
Aldrich Chemical Co.
Aldrich Chemical Co.

.Aldrich Chemical Co.

K and K Laboratories

Merck, Sharp and Dohme

-Aldrich Chemical Co.

Alfred Bader Co.
Pfaltz and Bauer Inc.
Aldrich Chemical Co.

K and K Laboratories -
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4) Analy51s of Spectra: AB2X2 Spectra

All compounds of the type I have AB2X2 spectra F1gure 6 shows

the ABo part of an AB9Xp spectrum. ' .There are 8 sets of triplets which are

numbered from right to left. The centre peak of tr1plet 3, labelled Hp, gives

the shift of the para proton. The sphttmg of this tr1plet is the benzylic proton-

H,CHo

6
- . para proton coupling constant Jp (27). The shift of the meta proton is

' nudway between trlplets 5 and 7. The benzyhc proton meta proton coupling

constant 6J n? » CH2

is half the sum of the spllttmgs of triplets 5 and 7 (see
Appendix I).
These long - range coupling constants can be obtained by direct measure-

- ment. These couplings were measured five times and the quoted errors are

the calculated standard deviations.

AX3 Spectra

The compound 2,3, 6 - trichloro-5 - nitro - toluene is an example of a
system having an AX3 type spectrum. The spectrum consists of doublet and
a'quartet with the relative shift about 300 times as large as the coupling con-.
stant. The coupling constant, Jax, is given by the splitting of either the

doublet or the quartet (28).




Figure €
The AB2 part of an AB2X2 spectrum for the compound
2,6 - dichloroethylbenzene. The scale is in >Hertz with the
field vincreasing to the right. The spéctrum was recorded

on a sweep width of 50 Hz. at a sweep time of 2500 seconds.
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A Spectra.

272

"An A 2X type spectrum is observed for 2,4,6 - tribromobenzylbro- '

mide. For this compound the raﬁio of the relative shift to the coupling

constant is about 500 so that first order rules apply. The spectrum con-

| sists of two triplets and the splitting of each triplet is J AX (29).




Chapter V-

Results And Discussion
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1)  Spectral Parameters

The chemical shifts relative to internal TM-S", VsV s V ey » and the
’ , A B’ " CH,
coupling constants, J, for o -X - 2,6 - dichlorotoluene derivatives
are given in Tables II and II1. . The subscripts A, B denote the

ring protons in I, and the subscript CHp denotes the

R M

.\\C ummuuH

_ benzylic protons. 6J pH’ CHZ, 5JmH’ CH2 and 3J OH’H represent the benzylic
proton - para proton coupling, the benzylic proton - meta proton coupling and
the para profon— meta pi'oton coupling constants,respectively. Ey is the
group electronega’civity of the ¢ - substituent which was determined by Dailey
and Shoolery from the shift difference between the methylene protons and the
methyl protons in substituted ethanes (30). The chemical shiftAs of the para -

protons and the benzylic protons move downfield somewhat as the ¢ - substituent

becomes more electronegative.




TABLE Il

Chemical Shifts of o -x - 2,6 - Dichlorotoluene Derivatives

Compouhd

2,6 - dichlorétoluene

2,6 - dichloroethyi benzene
2,6 - dichlorobenzyl cyanide

2,6 - dichlorobenzyl thiocyanate

| v A(Hz.v)

—

388,62 + .03

390.58 +

.03

v p(Hz.)

416.21 + .03

409.14 + .03

v CHZ(HZ.)

196,47 + .2

231.31 + .03

1

2,6 - dichlorobenzyl bromide 384.85 + .02 407.31 + .03 262, 48 _-__FA .03

2,6 - dichlorobenzyl amine 390.79 + .03 414 85 + .02 234,33 + .03 \)NH2= 65....24_'-'l_- .03
2,6 ~ dichlorobenzyl chloride —_ — - |
2,6 - dichloro - o - methoxy toluene 394,35 + .03  416.24 + .03 272.80 + .04 vOCH3= 191,18 + .04
2,6 - dichlorcbenzyl alcohol 388.50 + .03 411.70 + .03 280.96 .03 v ,=111.10 +.07
2,6 - dichlorobenzyl fluoride” 415.6 + .1 4014 +.1  323.5 & .2

a) T.Schaefer, C. M. Wong, and K, C. Tam. Canad.J.Chem. 47 3688 (1969)

68
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TABLE II

Coupling Constants Of ¢ - X ~ 2, 6 - Dichlorotoluene Derivatives

o- sﬁbstituen£ 6JpH’ CH2 2y 5J-nfl »CH2 112, 3JOH’H(HZ.) E}? -
o-m "‘_.'63~:_i- .01 14,08 - 2.10
" -cH3 . -.29%.02 .36+ .03 - 23
_CN 0 ssss.02 '35i .04 8.14 + 05 2.52
_soN ;.'271 02 .34 5.02’ 813+ .035  2.70
- Br .2l .02 .36+ .02 | §.04+ .03  2.94
- NH,, |  -.20% .02 .35+ .02 o827+ .08 2.99
-cl1 .21 .02 .36 + 04 o 3.19
- OCH3 -.20 + .02 .31 + .02 8.07+ .03 - 3.31
- OH ?_-19i . 034 .33 + .02 8.07+ .03 3.5
-F 16+ .02 .34+ .04 §.14 + .05  3.93

a) T. Schaefer, C. M. Wong, and K, C. Tam. Canad.J. Chem. 47 3688 (1969)

b Electronegativities were taken from reference 30,
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- L L 6_1,CH
2)  Benzylic Proton - Para Proton Coupling Constant, Jp 2

' 6JpH » CH2 decreases sharply with the introduction of an g - substltuent
to 2,6 - d1chlorot01uene and contmues to decrease as the a - subst1tuent-
. 6. H,CHg
becomes more electronegatlve.- Since - Jp has an angular dependence
of o
H,H 2
6Jp H_ B cos 9

it will also depend on the amplitude of the oscﬂlatory motion of the methylene -

group.
6. H,H'_ N ' | o .
A) Jp In 2,6 - Dichlorotoluene As Compared To 2, 6 - Dichloro-

ethylbenzene

The 6 - fold rotationai Jear.rier of the methyl group in 2,6 - dich;
lborotovlue‘ne should be small due: ;ro ‘the relldat.ive'phésing of the interactions
between the 3 - fold 'symm_etric methyl group and the 2 - fold symmetric
aromatlc rmg (31) ~ . For example, ethane has a 3-fold barrier of 2. 88

keal. /mole (32) whereas toluene has a 6—fold barrier of only .014 keal. /mole
(25) and nitromethane has a 6-fold barrier of . 006 kcal. /mole (32) as com~-
pared to the kinetic energy of the rotor of kT, about .3 keal. /mole at roorn
temperature. Treat‘ing the-rotation of the methyl group in 2,6 - dichloro-
toluene as free the observed methyl proton - para proton coupling constant
will be an average of the coupling of "each of the methyl protons over one

revolution. Then from equation 38

1 | o
6JpH ,CHg _ 3 [3B < cos’ 9>:|= %—B 44.
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The replacement of an ¢ - hydrogen atom in 2, 6 - dichlorotoluene by a T,
methyl group changes the 6 - fold barrier in toluene to a 2 - fold barrier in

2,6 - dichloroethylbenzene. This barrier is expected to be substantially

larger. Treating the rotational motion of the methylene group as simple
harmonic the benzylic proton-para proton coupling constant may be written

as (26)

2
6;H,CHy _ 1 [2 B <cos” (60+ Psin >z )>] 45.

p

from equation 40. 60° is the equilibrium angle made by the C - H bond with
the axis of the = - orbital on the first aromatic carbon atom, and ¢ is the

maximum amplitude of the motion. Figure 5 shows that as ¢ goes to zero

 6_H,CH2

“the coupling constant Jp = appfoac‘nes 18 whereas with the free ro-
tation in 2,6 - dichlorotoluene 6JPH’ CH?? = 1B. This means that if 2,6 -

dichlorotoluene were locked in the conformation I, and if the proton H1 were

H,
I

masked the observed benzylic proton - para proton coupling would decrease

6 v
by a factor of 2. Infact, JPH’ CHs in 2,6 - dichlorotoluene is -0.63 Hz and
. 6_H,CHsg ) .
- in Jp 2 in 2,6 - dichloroethylbenzene is -0, 29 Hz.
. 6 .
Therefore, to compare JpH’ CHs in 2,6 - dichlorotoluene with
6_H,CH2 . . .
Ip in the corresponding « - substituted compounds one of the methyl

protons must be masked. For that reason in Figure 7 below, JpH’ CHg is

used for 2,6 - dichlorotoluene.
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B) The Effect (& Electronegativity Of The ¢ - Substituent

Figuré 7 shows that as the ¢ - substituent becomes more electro—
negative the magnitude of the benzylic proton - para proton coupling de-
creases. This coupling which is transmitted via = - bonds is proportional
to Qccy (see equation 31)‘. The electronegative group, tending to with~
draw electrons, causes a decrease in the overlap between the methylene
group and the aromatic ring resulting in less efficient transfer of spin

information. Qccu decreases and hence 6JPH’ CH2 gecreases.




‘Figure 7
The dependence of the magnitude of the benzylic proton - para proton

: 6 Ha CH2 , - . s .
coupling, Jp on the electronegativity of the @ - substituent,

Eyx. The correlation coefficient is 0. 915. If CN is omitted the
correlation coefficient is 0. 954.

The bars indicate the error limits in GJPH’ CHZ, but the circles are

not intended as error limits in the electronegativity values.
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Anomalous Effects of CN

In Figure 7 6J pH’ CHz for 2,6 - dichlorobenzyl cyanide is larger than

expected on the basis of the electronegativity of CN. In methyl cyanide
because of its two 7 -bonds the CN group displays cohsiderable hypercon-
jugation with the methyl orbitals (33). With the additional aromatic system
in 2, 6 - dichlorobenzyl cyanide this compound can then behave as an extended
hyperconjugated system with a larger overlap betWeeh the methylene g‘roup'
band the aromatic ring than if say, a halogen were present, resulting in a

6
larger coupling constant, J pH,CHz.

- C) The Effect Of The Size Of The « -Substituent -

From equation 41 and Figure 5 it can be seen that the benzylic proton-
para proton coupling constant depends on the amplitude of the motion of the
methylene group and therefore also> depends on the size of the o —substituént.
The van der Waals potential energy function which takes into account the
steric interaction betweén the ring subsﬁtuents and the alkyl group was used
to calculate the barrier to rotation (34). These functions are shown for 2,6 -
dichlorobenzyl bromide and 2,6 - dichlorobenzyl fluoride* in Figures 8 and 9.
The fluorine group, being smaller than bromine, allows for a larger ampli~-
tude of motion which would tend to increase 6JPH’ Cz (Figure 5). In spite

of this, fluorine is electronegative enough to show the smallest coupling of

all the compounds listed in Table IIL

* T am grateful to Mr. Brian Barber for calculating these barriers.




Fim‘.tre‘ 8
The van der Waals potential energy function for 2,6 - dichloro-
benzyl bromide. The angle of rotation is 0° when the C - Br

bond eclipses a C - Cl bond. A is about 15 keal. /mole.
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The van der Waals potential energy function for 2,6 - dichloro-
benzyl fluoride. The angle of rotation is 0° when the C-F bond
eclipses the C - Cl1 bond. Fis smaller than Br so the methylene

rotor has a larger amplitude of motion.
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In Figures 8 and 9 the most stable conformation occurs when the

C - X bond is out of the plane of the ring as in I

H H H

% ring ' _._>_*_ 5 ring
M
X
with the high energy situation oécurﬁng when the C - X bond eclipses a

C - Cl bond as in IL Allvowing the C-Cl, C-X, C-H bonds to bend

(tilt) from 0° to 5°, the barrier to rotation was calculated for each de-

gree of tilt and the results for 2, 6 - dichlorobenzyl bromide are listed

in Table IV,

48




49

TABLE IV

Dependence Of The Rotational Barrier On Tilt

Of Bond Angles In 2,6 - Dichlorobenzyl Bromide

tilt (degrees) Barrier Height (kcal. /mole)
0 22.1
1 18.0
2 14.7
'3 12.0
4 9.8
5 8.0

The rotational barrier in compound III

He Cl
70

Br Br

H H
Br

I

. which also has. Br and Cl groups interacting at distances similar to those in
2,6 - dichlorobenzyl bromide, is 15. 65 kecal. /mole (35). On this basis the
rotational barrier, A, in 2,6 - dichlorobenzyl bromide should be about

15 keal. /mole which occurs for 2° of tilt. In 2,6 - dichlorobenzyl fluoride
the ba.rfier calculated by the van der Waals functions is 3 keal. /mole for 0°

of tilt.
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D) Temperaulre Dependence of J H CH2

 Considering that the kmetm energy of an mternal rotor is kT and

that possiny the amplitude of motion of the rotor changes With temperature

H CHy

-the magmmde of Jp could be temperature dependeut. The effect of

temperature on the benzyllc proton -para proton couplmg constant in 2 6 -
dichlorobenzylbromide dissolved in toluene —d8 was studled. The results

“are listed in Table V.. The coupling constant remains constant over a temp-

erature range of 100°C. Therefore the ‘amplitude of the oscillation of the |

~ methylene rotor does not change significantly over a temperature range of

| 100°C (see equation 40 and Figure 5).

TABLE V

Effects Of Temperature On 6JpH’CH2 |
‘Temp. (°C) erH, CH2 Hz.)
+ 80 ' -.21 + .02
+40 -.21 + .02

+ 20 : =21 4,02

0 : T =21 + .02

-20 S T -.20 %

.02




' . 5_ H,CH
3) Benzylic Proton - Meta Proton Coupling Constant Jpy 2

The methylene - meta coupling constant 5J mH’ CH2 has both a ¢ and

a = contribution (4, 8, 24).

5_ H,CHg
m

J = Jp + Inf . 4e.

Jnf is known to be positive (5, 7) and J n“f is positive because it occurs over

an odd number of bonds. The experimental values for 5J mH’ CH

2 Table III,
are roughly independent of the « - substituent. Jpf must decrease as the

‘ : 6
electronegativity of the @ - substituent increases because JpH’ CHp decreases.
5. H,CH

Therefore because Jyy, 2 js independent of the « - substituent, J m
apparently increases on o - substitution.

There is some evidence that O - substitution increases J 9 over five

. i . 5_H,H .
bonds in other systems. In benzene the five bond coupling Jp is trans-
mitted by the x - mechanism (see Chapter 1 Section B) and is . 65Hz. (15).

. . 5_H,H
Substituents apparently affect mainly the ¢ - electron framework and Jp
should then have a o - component, An alternating effect of the electronega-
tivity of the substituents is then observed (36). An electronegative P - sub-~

. . 5_H,H .

stituent, as in fluorobenzene, decreases Jp whereas an ¢ - substituent ,
H,H

- 5
as in pyridine or the benzylic system (above) increases the coupling. Jp

in fluorobenzene is . 43 Hz. (37) and in pyridine is .98 Hz. (38).
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5  Effects Of Ring Substitents .

- In Table VI the methyl proton - ring proton couplmg constants are

' 6_H,
Iisted for toluene and some ring substituted toluene derivatives. Jp H

and 5JmH H are the methyl proton para proton and methyl proton - meta
proton coupling constants respectively.  The c_hemmal shifts are denoted

by Vv and a11 measurements are given in Hertz ‘ The riné: substituents ‘
show little effect on the long - range couphng constants as compared to the
| a - subst1tuents which is in agreement W1th a prevmus study (39). Com-~-
paring toluene with 2,6 ~ dichlorotoluene, 2 6 - dinitrotoluene and 2,6 -
dimethoxy toluene the Cl substituents leave the long - range coupling constants
unchanged whereas both nitro and methqu substituents slightly increase the
methyl proton - para proton coupling.

The nitro substituents increases 5J m | while Cl and methoxy sub-
stituents hardly change it. Since carbon - nitrogen and carbon - oxygen

" double bonds are well known possibly structures such as

H,

cause changes in the bond orders of the molecule and thereby could con- '
ceivably affect the coupling constants. Bromine shows no effect on the ldng—
range couplings . The methyl proton - meta proton coupling in 2,6 - dichloro-

benzyl bromide is identical with that in 2, 4, 6 - tribromobenzyl bromide. .
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TABLE VI

Spectralv Pararheters Of Ring - Substituted

Toluene Derivatives

‘ H,H 5 H,H
Compound 6J (Hz.) Im (Hz.)
(a) : :
toluene _ -0.62 + .02 +0.36 + .01
2, 6-dichloro toluene ©) 0.63 + .01  +0.41 + .03
3, 5-dichloro tol_uene(c) -0.59 + .02 -
: ' @
2,3,5,6 ~tetrachlorotoluene : -0.63 + .02 -
2,3,4, 6-—tetrachorotoluene(d) , - +0.36 + .02
b Hs |
Cl | vH= 418.27 + .02 -0.68 + .02 -
NO; | von,” 116. 50 + .02
® H
CI Cl \)H: 421.06 + .05 - +0.41 + .02
Cl \)CH3= 117.85 + .04
NGO,
Cl cr -0.61 +

4

o

N
!

HO CH—-CH,




(b)

()

()

(1)

N 5 Noz VCH = 123.55

3
HS v CH3= 124. 28

N -
5 NO, v cpat= 6738
= 468. 41
C"lg Y

TBut. = 205. 70

3

g

MeO Me

v_= 367.06

Br

v = 279.

v __= 458,
H

.18
. 46

.61

|+

4+

4

+

+

+

+

[+

.03

.03
.02
.05

.03

.04
.03
.03

.03

.03
.03

.04

6_H,H

J. ' T (Hz.)

p

-0.66 + .02

-0.70 + .02

H,H
5Jm * Y (Hz.)

+0.46 + .02 _

+0.40 + .02

+0.38 + .02

+0.40 + .02

+0.38 + .02

+0.36 + .02

continued...
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Summary and Conclusions




1)

.»2)

4)

L

in this study it has been feund that:

in toluene derivatives the methyl preton - ring protoh coupling constapts
are not eensitive to ring sﬁbstitution.

a ;x - 2,6 - dichlorotoluene 'eompeunds have a relati{rely large barrier to
the rotatien of the methylene g'foup aed the pi'efefred cenfefmatien 1s one
in which the substituent lies perpendicular to the plane efvthe ring.

as the o - substiwent becomes more elecﬁ'on withdrawing the methylene |

proton - para proton coupling decreases in magnitude whereas the methy-

~ lene proton - meta proton coupling remains approximately constant.

the o - substituent is responsible for other effects:

a) with an ¢ - CN group the benzylic. pfoton - para. proton coupling is
larger than expected on the basis of electronegativity.

b) a small group, such as F, allows the methylene rotor a larger ampli-

tude of oscillation.




Chapter VIii ' o i

Suggestions For Further Research




The problem of the effects of the « - substituents in benzylic systems

could be investigated further by:

1)

2)

- 3)

4)

measuring the benzylic 013' - hydrogen coupling constant in ¢ - substituted
toluenes.

measuring the benzylic proton - ring proton coupling constants ing -x -
2,6 - dibromotoluene. Ring bromine substituents have little or no effect
on the long - range coupling constants but bromine being larger than
chlorine would cause a larger barrier to the rotation of the methylene
group and the amplitude of the motion of the methylene group would be
smaller.

measuring the benzylic proton - para proton coupling in ¢ -x -3,5 =
dichloroteluene., Since these compounds have two ortho hydrogen sub-
stituents the methylene rotor would have a larger amplitude of motion as

compared to ¢ -x - 2,6 - dichlorotoluene.

- Taking the ultraviolet speétra' of the ¢ - substituted toluene compounds.

These spectra should show how the o - substituent influences the overlap

between the methylene group and the aromatic ring (42).
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- Analysis of ABgX2 Spectra

A normal AB, spectrum consists of 8 peaks. In.an AB9Xy system
the X9 protons split each of the AB2 lines into a triplet so that the spectrum

is composed of 8 sets of triplets. An example of an ABgXy system is

{:'\ _Br

If-l/_\

The ABg portion of such a spectrum can be treated as 3 subspectra (27)

where the shift in each subspectrum is given by

vA(X) = VA + XJAX |

p¥) = Vg * Xpx
where x =1,0, -1, \A(X) denotes the shift of proton A in subspectrum X,
J and J are the coupling constants. The line frequencies are given ’

AX BX

by the following expressions.

i a. + +3 + 3/45 _+¢F
line 1a. 3 (v vB) Z(JAX JBX)+ /JAB 91

A
b, 3 (v, ,+v) +3/43 _+CF
21YA 'B AB 0
1 _1 +
c. 2(\)A+\) B) 2(JAX+JBX)+3/4JAB+ C_1

P + -
line 2a. VB+JBX + 91 + (_:Fl

+ —
\Y
b. B +CO+C0

3
c. Vg JBX + C_1+ C_.1




line 3a.

line 4 a.

line 5a.

C.

line 6a.

line 8a.

4+
) -
B + C 0 C 0
a3 -
- + -
s "Ipx " %17 O

v +JBX - (_E-‘]: + (_3“_';l

v - c’(’) + C,

B "IBx CjL"L 1
(v, tVp) v Bt Tpy) —3/47 g
%(\)A'+ VB) -3/4JAB—
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Wt Iax

Y

A

W T Iax

Liv, +v )+3@, +J_)-3/43 _+C
2 A B °VAX "BX AB

1 -
2(\)A+\)B) 3/4JAB+C




Figure 10

‘ The ABy portion of a typical ABoXg spectrum. The triplets
+
are numbered 1 to 8 from right to left. The constants C 0’

+ - A
C
C—l’ ' 1? CO s C—l’ C+1 take on the values shown.
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The terms C.» +, C+1, C;, C;, C:l’ are constants which take on the

1’0
values shown in Figure 10.

From these expressions it is seen that:

v, = 3

VB = %- [5b+ 7b]

JAX—T % (3a - 3¢)

I,p" L [(Sb - 6b) + (4b —1b)]
I A [(Ea ~5e) + (Ta - 7cﬂ

This means that J AX can be obtained directly by a single measurement of the
splitting of triplet 3. In toluene J AX and J BX are negative and positive re-
spectively (16),

In this case the nucle_us A resonates to high field of nucleus B. If the
order were reversed the observed spectrum would just be the mirror image
of the one shown in Figure 6. The triplets 5 and 6 are not completely resolved.

Peaks 5a and 6¢ are seen as a single peak.
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