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The perturbation treatment of proton-proton coupling developed in earlier papers, has
been extended to allow for electron delocalization through intervening C~C and C~H bonds.

The meta-coupling constant in benzene obtained from this perturbation treatment is in
reasonable agreement with that obtained by a full MO calculation. The para coupling constant
is not in good agreement suggesting that para-coupling arises from electron spin polarization
in more than one intervening bond.

Das Stérungsverfahren fiir Proton-Proton-Kopplung wurde erweitert, um die Elektronen-
delokalisierung infolge dazwischenliegenden C-C- und C-H-Bindungen zu beriicksichtigen.

Die meta-Kopplungskonstante fiir Benzol, die sich auf diese Weise ergibt, stimmt befriedi-
gend mit derjenigen iiberein, die bei einer vollstindigen MO-Rechnung herauskommt. Bei der
entsprechenden GréBe fiir die para-Stellung ist dies dagegen nicht der Fall, was den Schluf}
nahe legt, daB} die para-Kopplung auf mehr als eine dazwischentretende Bindung zuriickgeht.

Le traitement de perturbation du couplage proton-proton développé dans des articles
précédents est étendu afin de tenir compte de la délocalisation électronique & travers les
liajsons C-C et C—H qui interviennent.

La constante de couplage méta dans le benzéne, obtenue par cette méthode, est en ac-
cord raisonnable avec celle obtenue par un calcul complet d’orbitales moléculaires. Par
contre, la constante de couplage para ne donne pas un bon accord, ce qui suggére que le
couplage en para provient de la polarisation de spin électronique sur plus d’une liaison.

The Pople-Santry independent electron MO theory [1] has been very successful
in providing a qualitative understanding of nuclear spin-spin coupling constants.
Particular success has been obtained for the coupling between vicinal protons and
for understanding the effect of substituents on C—H and Si—H-coupling constants
[2]. Less success has been obtained with proton-proton geminal coupling con-
stants due to the lack of electron correlation in the theory, although the trend
for a series of geminal coupling constants is reasonably well produced.

In recent papers [1, 3] a perturbation approach to the MO theory of proton-
proton coupling in hydrocarbons has been used to elucidate the routes through
which the coupling of vicinal and geminal protons occur. An expression for the
coupling constant was obtained from a basis of localized bonding and antibonding
MO’s of two C-H bonds with delocalization terms introduced as a perturbation.
Vieinal and geminal coupling constants calculated from this expression agree well
with those obtained from a full MO treatment.

Although this expression is in principle applicable to long range coupling, being
the mathematical description of a through space coupling mechanism, the values
it gives for the meta and para coupling constants of benzene are much smaller
than those obtained from a full MO treatment; the latter being in good agreement
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with experiment. Also calculations of the meta and para coupling through the
m-electrons has given values only about 109, of those observed [4, 5]. It appears,
therefore, that meta and para coupling at least, arise from the delocalization of
electrons through intermediate C-H and C-C ¢ bonds, rather than from a through
space delocalization or through the s-electrons.

The purpose of this paper is to examine the mechanism of this long range
coupling by extending the earlier perturbation approach to higher orders. We take
as basis localized MO’s formed from carbon hybrids and hydrogen 1s orbitals, to-
gether with another set of localized MO’s (y) which may be bonding or anti-
bonding, and which may be associated with C—C bonds or other C-H bonds (Fig. 1).
Within the approximation that the coulomb integrals of the carbon hybrids ()
and the hydrogen orbitals (%) are equal,

e, by |H |ty =(hy | H| b =«

the first term in the perturbation expression for the hydrogen-hydrogen atom-
atom polarizability, which in the Pople-Santry theory is proportional to the
coupling constant is [1, 3]*,

1 ’ ’ ! 14 7
AW = o (4B — Bik — 5B + 2 Bin Ba) (1)

{8 is the resonance integral for a C—H bond (§;3) and the 8’ are the resonance inte-
grals between orbitals associated with different C-H bonds** as defined in Fig. 1.

We now consider the effect of delocalization terms between the carbon hybrids
and hydrogen orbitals and the localized MO yyz, which we indicate as By and f
as shown in Fig. 1. Two cases need to be considered: either yy is a bonding orbital
occupied by two electrons, or it is a vacant antibonding orbital. In the first case we
assume it to have an energy (x + ) and in the second an energy (x — f). We now
seek an expression for the atom-atom polarizability z, which includes these addi-
tional delocalization parameters.

* In Ref. [3] the symbols B, & and 7 were used for 287, 28;, and 28, respectively. We
feel that the continued retention of the factor 2 is likely to cause confusion. The symbols used
in Ref. [1] have the disadvantage that they were chosen specifically for geminal and vicinal
coupling and not for proton-proton coupling in general.

** If the two C—H bonds are not equivalent, then providing the two resonance integrals
Besry and Begny aTe equal, expression (1) can be generalised by replacing Bz, by (Bt n, + Beyny)-
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It was shown in Ref. [3] that there are no contributions to z of the type KL/f3,
where K and L are members of the set fj;, Br; etc. We have found that the
leading terms involving these parameters are of the form*

7Z(3) == Z OPKL PKL/8ﬂ4 (2)
PERL

where P is a member of the set 3, B Sy The coefficients Cpxy, have been deter-
mined by numerical method. The eigenvalues and eigenfunctions of the Hamil-
tonian matrices appropriate to our basis set were obtained for selected small values
(of the order of 10-2 ) of the delocalization parameters to give a set of simultaneous
equations relating 7 to the coefficients Cpgy. These equations were then solved for
the coefficients. It can be shown that for the two cases of yz being a bonding or an
antibonding MO, the coefficients have the same magnitude but may either be of
the same sign or of opposite sign. The reasoning is as follows.

Suppose the localized bonding C-H orbitals are labelled y, and y, and the
corresponding antibonding orbitals 5, and v, then in the zero-overlap approxima-
tion

Y= V% (t + k),
wi=l/%(t1—h1 s
1/)2: V% (t2+h2)7

pe=VE (ta— hy) - (3)
We then wish to compare the polarizabilities for cases 4 and B in Fig. 2. We use
two results. Firstly the contribution to 7 of order 1/8* will be the same for system
A as for system C because they differ only in the sign of 5. Secondly the polariza-
bility of a system having m orbitals occupied and # vacant is equal in magnitude
but opposite in sign to that of a system with » occupied and m vacant. Thus the

* If the carbon hybrid and hydrogen coulomb integrals are not equal then it has been

"‘”4;4"” ) Biw (15 B — 2.5 B5).

shown that there is a contribution to 7 of #(® = (



256 R. Drrourierp, G. T. JoxEs and J. N. MURRELL:

Table

Coefficient in z®

1y, bonding y, antibonding

ﬂt’lk ﬂ;zlc Bis +2.17 —-247
Biyi Booi Bon -0.32 ~0.32
Bioie Bross Bun ~0.35 +0.35
Brsi: Brys Bis ~0.31 +0.31
Brgs Brgi Bin +0.38 +0.38
ﬂllzlk ﬂ;lzlc B +0.19 +0.19
ﬂ:lzc ﬂ;zgc Brs ~-0.33 -0.33
Brose Brgse Bin -0.62 +0.62
Broi: B B +0.16 +0.16

polarizability of system 4 is of opposite sign to that of D. Now from a considera-
tion of the following matrix elements

r | H |91 = 2V2 (B + Bin)

<y | H [y =22 (B — )

Sy [ H | = 12 @B + Brn + Bu)

Cpr | H [ ye> = 42 (=26 + B+ Be) (4)
we deduce that system B would have the same polarizability as D if one changed
the signs of B, and By Tt follows that the signs of the 8% contributions to the
polarizability of systems 4 and B will be the same for terms f,; B4 Bus Prs
Bz Bir Tor example, bub opposite for B, By 1, frs ete-

The coefficients of these f—* terms are given in the table. The coefficients of all
other 4 terms, such as 8,3, B3, Brs Bn B Were found to be small in our numerical
experiments and within the error incurred in neglecting higher order terms. We
have therefore taken these coefficients to be zero. Because we have neglected these
and higher order terms, and because of rounding errors in our calculations we
estimate that the coefficients listed in the table are only accurate to +0.05.

To obtain the polarizability for a given hydrocarbon we therefore add to ex-
pression (1), a f~* contribution for every localized bonding and antibonding C-C
and C-H orbital. By, i, and By, are fixed for a given pair of C-H bonds but f,
must be calculated for each intermediate orbital yz. The following treatment of
meta and para coupling constants in benzene illustrates the approach.

Resonance integrals between hybrids of different atoms were calculated from

the formula
Buw = —10 8, (eV) (5)

where 8, is the overlap integral between orbitals x and ». The resonance integral
between two sp® hybrids of the same carbon atom, is {&s — xp)/(n + 1) and we
have taken (xs — ovp) = —3 eV as this was found to give the best overall values
for C-H and H-H coupling constants in earlier work [6]. We have used Slater
orbitals with exponents 1.625 for carbon 2s and 2p and 1.2 for the hydrogen 1s
orbital.
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Meta Coupling

It is seen from Fig. 3 that there are three important routes through which
coupling occurs: through the intermediate C-C or C-H bonds and through the
non-intermediate C—C bonds adjacent to the coupled C—H bonds. Coupling through
the other bonds is negligible because they all involve one 5° which is very small.
The results for the three routes are given below [ is in units of (eV)-1].

Fig. 3

1. Coupling through the 1 — 2 bond (which involves the bonding and the anti-
bonding orbital) 2® — 0.45 x 10-4 .
A similar contribution arises from the coupling through the 2 — 3 bond.
2. Coupling through the 2 — b bond
a® = --0.36 x 10*.
3. Coupling through the 1 — 6 bond
7® = 0.18 x 10-*.
A similar contribution arises from the coupling through the 3 — 4 bond.
The contribution from 7 = 0.43 x 10-%.
The total is 7@ + af,, = 1.01 x 10-4.

This is in reasonable agreement with a full MO calculation using the same para-
meters as above and with ap = § (&5 + &p): 7 = 1.53 x 104

Para Coupling

It is seen from Fig. 4 that there are three important types of route through
which coupling occurs: through the intermediate C-C or C-H bonds. The results
for the three routes are given below.
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1. Coupling through the 1 — 2 bond
a® =147 x 1075,

There are similar contributions from the coupling through the 3 — 4, 1 — 6, and
4 — 5 bonds.
2. Coupling through the 2 — 3 bond

7@ = —4.54 x 10-5.

A similar contribution arises from the coupling through the 5 — 6 bond.
3. Coupling through the 2 — & bond

7@ = —0.10 x 10-5.

—(/
—

%

Fig. 4

Similar contributions arise from coupling through the 3 — ¢, 5 — eand 6 — f bonds.

The contribution from & = 1.01 x 108,
The total is 7z ® + 7, = —2.40 x 10-5 (eV)-1.

In this case the full MO calculation gives 0.94 x 10~ (eV)~! and the two are in
poor agreement. There are clearly other routes, of higher order in perturbation
which make important contributions to the coupling. The full MO calculation
gives J s = 2.5 ¢.p.8, Jyp, = 0.7 c.p.s. in good agreement with the experimental
values J o, = 1.37 c.p.s., Jpars = 0.69 c.p.s. [7].
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Coneclusions

From the perturbation analysis of long-range coupling in benzene that we have
given and its comparison with the full MO calculation we draw the following
conclusions.

1. The coupling constant between distant protons (further than the distance
between vicinal protons) does not arise from a through space mechanism.

2. The third order perturbation formula gives a good approximation to the
coupling constant between protons separated by two carbon-carbon bonds. For
such protons the coupling via the intermediate C-C and C-H bonds is the most
important mechanism.

3. For protons separated by more than two C-C bonds the perturbation for-
mulae are inadequate, suggesting that the coupling must involve two or more inter-
vening localized bond orbitals, or intervening delocalized orbitals. To assign definite
routes to such coupling would require a higher order of perturbation.

4. The perturbation formulae are useful for an analysis of the spin coupling
mechanism in those situations where they are valid but if one is just interested in
calculating coupling constants it is usually more convenient to make the full MO
calculation.
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