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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-I-I bonds. 

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

Das StSrungsverfahren fiir Proton-Proton-Kopplung wurde erweitert, urn die Elektroncn- 
delokalisierung infolge dazwischenliegendcn C-C- and C--H-Bindungen zu beriicksichtigen. 

Die rneta-Kopplungskonstante fdr Benzol, die sich auf dicse Weise crgibt, stimmt bcfriedi- 
gend rnit derjcnigen iibcrein, die bei einer vollsti~ndigen MO-Rechnung herauskornrnt. Bei der 
entsprechenden GrSBe fiir die para-Stellung ist dies dagegen nicht tier Fall, was den SchluB 
nahe legt, dab die para-Kopplung auf rnchr als eine dazwischcntretende Bindung zuriickgeht. 

Le traiternent de perturbation du couplage proton-proton d6velopp6 duns des articles 
pr6c6dents est 6tendu afin de tenir eornpte de la d61ocalisation 61ectronique & travers les 
liaisons C-C et C-H qui intcrviennent. 

La constante de couplage rn6ta duns le benzbne, obtenue par cette m6thodc, est cn ac- 
cord raisonnable avec celle obtenue par un calcul eornplet d'orbitales rnol6eulaires. Par 
contre, la constante de couplage pars ne donne pus un bon accord, ce qui sugg~re que le 
couplage en pars provient de la polarisation de spin 61ectronique sur plus d'une liaison. 

The Pople-Santry independent electron ~{O theory [i] 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-I-I and Si-I-I-eoupling 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 [i, 3] a perturbation approach to the ~ O  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 ~ O  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 pars coupling constants of benzene are much smaller 
than those obtained from a full iVfO treatment;  the latter being in good agreement 
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Fig. 1 

with experiment. Also calculations of the meta  and para coupling through the 
g-electrons has given values only about  10~/o of those observed [4, 5]. I t  appears, 
therefore, tha t  meta  and para coupling at least, arise from the delocalization of 
electrons through intermediate C-I- /and C-C a bonds, rather  than from a through 
space delocalization or through the g-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 M0 's  formed from carbon hybrids and hydrogen is  orbitals, to- 
gether with another set of localized M0 's  (~k) which may  be bonding or anti- 
bonding, and which may  be associated with C-C bonds or other C - t t  bonds (Fig. 1). 
Within the approximation tha t  the coulomb integrals of the carbon hybrids (t) 
and the hydrogen orbitals (h) are equal, 

i.e. <t I I H I t~> = (h~ ] H ] hi} = 

the first te rm in the perturbation expression for the hydrogen-hydrogen atom- 
a tom polarizability, which in the Pople-Santry theory is proportional to the 
coupling constant is [l, 3]*, 

l 

fl is the resonance integral for a C-H bond (flta) and the 8 '  are the resonance inte- 
grals between orbitals associated with different C - K  bonds** as defined in Fig. I. 

We now consider the effect of delocalization terms between the carbon hybrids 
f t 

and hydrogen orbitals and the localized MO ~ ,  which we indicate as 8tk and flh~ 
as shown in Fig. I. Two cases need to be considered: either ~flk 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 (cr + fl) and in the second an energy (~ -- 8). We now 
seek an expression for the a tom-atom polarizability a,  which includes these addi- 
tional delocalization parameters.  

* In Ref. [3] the symbols R, S and T were used for 2fl~'a, 2fl~a and 2fl~ respectively. We 
feel that the continued retention of the factor 2 is likely to cause confusion. The symbols used 
in Ref. [l] 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-It bonds are not equivalent, then providing the two resonance integrals 
�9 1 t l fltlkl and flt2~2 are equal, expression (1) can be generalised by replacing fl~ by ~(fl*~2 + f l~)"  
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Fig. 2 

I t  was shown in ReL [3] that there are no contributions to z of the type KL/fl  a, 
where K and L are members of the set flt'k, fl'h~ etc. We have found that  the 
leading terms involving these parameters are of the form* 

z (a) = ~ C•KL PKL/8f i  4 (2) 
P K L  

f t ,* 
where P is a member of the set fiah,/~h~,/~tt" The coefficients CpxL 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 l0 -2/~) of the delocalization parameters to give a set of simultaneous 
equations relating ~ to the coefficients CpKL. These equations were then solved for 
the coefficients. I t  can be shown that  for the two cases of V~ 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 V1 and V2 and the 
corresponding antibonding orbitals V~, and V~, then in the zero-overlap approxima- 
tion 

~/)1 = V~ (ti -~ h i ) ,  

V; = V~ (ti -- h i ) ,  

~ = V{ (t~ + h~), 
F~ = V~ (t2 - -  h2 ) .  (3) 

We then wish to compare the polarizabilities for cases A and B in Fig. 2. We use 
two results. Firstly the contribution to 7~ of order l/fi t will be the same for system 
A as for system C because they differ only in the sign of ft. Secondly the polariza- 
bility of a system having m orbitals occupied and n vacant is equal in magnitude 
but opposite in sign to that  of a system with n occupied and m vacant. Thus the 

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

shown that there is a contribution to ~ of ~(.2) ah - at , , 
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Table 

Coefficient in ~z (3) 
y~ bonding y~ antibonding 

/ f t 

fltlk flt2~ fl,, +2.17 -2.17 
~;,~ ~;~ ~;~ -0.32 -0.32 

/ t / flt~ flt~ fl~ -0.35 +0.35 
g ~  ~'~ ~;, -o.3~ +0.3~ 
s  s  ~;1, + 0 . 3 8  + 0 . 3 8  

~ ~ ~ +0A~ +0.,~ 
flt'~ fl~,~ flt't -0.33 -0.33 

~ ~'~ ~,, -0.62 +0.62 
~;1~ ~2~ ~;t, t +0A6 +0.16 

polarizability of system A is of opposite sign to tha t  of D. Now from a considera- 
tion of the following matrix elements 

< w  I H Iv/> = 2 v ~  (~h - Z;~) 

<v; I H [v~> = t/2 ( -2Z,'h + s  + Z;~) (~) 
we deduce tha t  system B would have the same polarizability as D ff one changed 

t t 
the signs of flth and flt}. I t  follows tha t  the signs of the fl-4 contributions to the 

t t I / 
polarizability of systems A and B will be the same for terms fitl~ flt~ fith, flh~ 
fi'h,~ flt~, for example, but  opposite for fit~k flt~ fi~h etc. 

The coefficients of these fl-~ terms are given in the table. The coefficients of all 
~ t  3 ~ t  3 , , , other fl-4 terms, such as iJtt, iJkt, flkt ~kh ~tk 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 tha t  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 (t), a fl-a contribution for every localized bonding and antibonding C-C 

f I r i 
and C- I t  orbital, fith, flhh and fltt are fixed for a given pair of C-H bonds but flkt, 
must  be calculated for each intermediate orbital V~- The following t reatment  of 
meta  and para coupling constants in benzene illustrates the approach. 

Resonance integrals between hybrids of different atoms were calculated from 
the formula 

~.~ = - ~ o  s , ,  (eV) (5) 

where Sz~ is the overlap integral between orbitals/~ and v. The resonance integral 
between two sp n hybrids of the same carbon atom, is (COs - ~x~)/(n + 1) and we 
have taken (~s - ~ )  = - 3  eV as ~his was found to give the best overall values 
for C- t I  and I t - I t  coupling constants in earlier work [6]. We have used Slater 
orbitals with exponents t.625 for carbon 2s and 2p and 1.2 for the hydrogen is  
orbital. 
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Meta Coupling 
I t  is seen f rom Fig.  3 t h a t  the re  are  th ree  i m p o r t a n t  routes  t h rough  which 

coupling occurs:  t h rough  the  i n t e rmed ia t e  C-C or C - H  bonds  and  th rough  the  
non- in t e rmed ia t e  C-C bonds  ad jacen t  to  the  coupled C - H  bonds.  Coupling t h rough  
the  o ther  bonds  is negligible because  t h e y  all  involve  one fi' which is v e r y  small .  
The  resul ts  for the  th ree  rou tes  are given below [7c is in uni ts  of  (eV)-l].  

Fig. 3 

i .  Coupling th rough  the  i - -  2 bond  (which involves  the  bonding  and  the  ant i -  

bond ing  orbi ta l )  ~(3) = 0.45 • 10 -~ . 

A similar  con t r ibu t ion  arises f rom the  coupl ing th rough  the  2 - 3 bond.  
2. Coupling th rough  the  2 - b bond  

~z(3) = - - 0 . 3 6  • l0  -4 . 

3. Coupling t h rough  the  l - -  6 bond  

at(3) = 0.18 • 10 -4 . 

A s imilar  con t r ibu t ion  arises f rom the  coupl ing th rough  the  3 - 4 bond.  

The  con t r ibu t ion  f rom ~(1) = 0.13 • i0  -4 . 
(3) l . O i  • 10 -4 The  t o t a l  is ~(x) § ~to~al = 

This  is in  reasonable  agreement  wi th  a full  ~ 0  ca lcula t ion  using the  same para -  
meters  as above  and  wi th  ah = �89 (as § ~p):  9~ = i .53 • 10 -4. 

P a r a  Coupling 

I t  is seen f rom Fig.  4 t h a t  there  are  th ree  i m p o r t a n t  t y p e s  of  rou te  t h rough  
which  coupl ing occurs :  t h rough  the  i n t e rmed ia t e  C-C or C - I t  bonds.  The  resul ts  
for t he  th ree  rou tes  are  given below. 
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I. Coupling through the l -- 2 bond  

~(a) = i .47 • t0  -5 . 

There are similar cont r ibut ions  from the coupling through the 3 - 4, I - 6, and  

4 - 5 bonds. 
2. Coupling through the 2 - 3 bond  

~(a) = --4.54 x 10 -5 . 

A similar cont r ibu t ion  arises from the coupling through the 5 -- 6 bond. 
3. Coupling through the  2 - b bond  

~(a) = - - O . i O  x I 0  - 5  . 

Fig. 4 

Similar cont r ibut ions  arise f rom coupling through the 3 -- c, 5 -- e and  6 -- / bonds. 

The cont r ibu t ion  from ~(1) = 1.01 • 10 -5 . 

The to ta l  is ~(z) + ~(t3c)tal _-- - 2 . 4 0  • 10 -5 (eV) -z . 

I n  this  case the full MO calculat ion gives 0.94 • i0  -4 (eV) -z and  the  two are in  
poor agreement.  There are clearly other routes, of higher order in  pe r tu rba t ion  
which make impor t an t  cont r ibut ions  to the coupling. The full ~[O calculat ion 
gives Jme~a = 2.5 C.p.s, Jpara = 0.7 c.p.s, in good agreement  with the exper imental  

values Jmeta = i.37 c.p.s., J;ara = 0.69 c.p.s. [7]. 
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Conclusions 

From the perturbation analysis of long-range coupling in benzene that  we have 
given and its comparison with the full ~ 0  calculation we draw the following 
conclusions. 

t. 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 ff one is just interested in 
calculating coupling constants it is usually more convenient to make the full MO 
calculation. 
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