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mole, with the acetylenes still less stable), in much 
better agreement with the ab initio results. By the 
same token the analogous benzene-acetylene compar­
ison,14 which differs from experiment by only 4 kcal/ 
mole if the acetylene experimental heat of atomization 
is employed, shows a discrepancy of 70 kcal/mole if 
the semiempirical value is taken. While it certainly 
can be argued that the benzene result supports the prac­
tice of assuming the experimental acetylene energy for 
purposes of comparison, it also seems fair to suggest 
that failure to obtain good agreement between experi­
ment and semiempirical calculation for the heat of 
atomization of acetylene, a relatively small molecule, 

(14) M. J. S. Dewar and G. Klopman, / . Am. Chem. Soc, 89, 3089 
(1967). 

The first paper1 in this series introduced a theoretical 
valence-bond (VB) description of contact nuclear 

spin-spin coupling which avoids the empirical choice of 
an "average excitation energy." 2 The method, which 
includes an explicit sum over a finite set of triplet-state 
VB wave functions in the second-order perturbation 
expression,3 was used4 to calculate H-H coupling con­
stants in a large number of unsaturated molecular frag­
ments. The agreement of the semiempirical results 
with pertinent experimental data was quite satisfactory, 
but the rapid increase in the number of triplet states 
with an increasing number of electrons limited the cal­
culations to systems which could be described in terms 
of eight electron fragments. A subsequent theoretical 
formulation5 by means of density matrix theory and 
the generalized product approximation with intergroup 
configuration interaction6-8 provided a generalization 
of many existing theories of nuclear spin coupling. One 
advantage of this formulation is that it permits extension 

(1) M. Barfield, / . Chem. Phys., 48, 4458 (1968). 
(2) M. Karplus and D. H. Anderson, ibid., 30, 6 (1959). 
(3) N. F. Ramsey, Phys. Rev., 91, 303 (1953). 
(4) M. Barfield, J. Chem. Phys., 48, 4463 (1968). 
(5) M. Barfield, ibid., 49, 2145 (1968). 
(6) R. McWeeny, Rev. Mod. Phys., 32, 335 (1960). 
(7) R. McWeeny, Proc. Roy. Soc, A253, 242 (1959). 
(8) R. McWeeny and Y. Mizuno, ibid., A259, 554 (1961). 

might be symptomatic of an occasional spurious result 
for larger systems. In any event, it seems clear that 
both ab initio and semiempirical methods are on safest 
grounds when used to compare the stability of molecules 
of roughly the same size; thus it seems quite certain that 
cyclobutadiene is substantially more stable than its 
tetrahedral isomer. 
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to many electron systems in which separate groups can 
be recognized. For example, it is often convenient to 
recognize the <r- and 7r-electron systems as separate 
groups. Furthermore, within the simple VB schemes9'10 

in which atomic orbital overlap is ignored, any separa­
tion of the molecule into groups is permissable. 

It is the purpose of this investigation to make use of 
the generalized product approximation formalism5 to 
extend the VB calculations1'4 of contact nuclear spin-
spin coupling constants to molecular fragments with 
as many as 16 electrons. This permits coupling con­
stant calculations to be performed in the important 
examples of aromatic and cyclic unsaturated hydro­
carbons. Since there have been no previous calcula­
tions for most of these systems in which a number of 
coupling paths are of importance, the results are of sig­
nificance in discussing mechanisms of contact coupling 
and should be of use in making detailed analyses of the 
complex nuclear magnetic resonance (nmr) spectra. 

Theoretical Formulation. Integral Parameters 

Contact nuclear spin-spin coupling constants were 
calculated from the second-order perturbation ex-

(9) G. Rumer, Nachr. Ges. Wiss. Gottingen, Jahresber. Geschdft-jahr 
Math. Physik. Klasse, I, 337 (1932). 

(10) L. Pauling, J. Chem. Phys., 1, 280 (1933). 
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pression of Ramsey3 which has been cast into the 
density matrix notation by McWeeny and Mizuno.8 

Since methods for calculating VB transition spin densi­
ties and triplet-state energies were discussed in previous 
papers in this series,1-4 the formalism which uses the 
generalized product approximation with intergroup 
configuration interaction6 will be reviewed briefly to aid 
in the discussion. 

For the case of two groups, R and S, the generalized 
single configuration wave function, 1^01 is given by 
1S0 = Ct[1^R0(I, 2, ...,NJOX 

1^SO(ATR+ 1, ...,N* + N5)] (D 

where ffi is an operator which produces a normalized 
antisymmetric wave function and y>R0 denotes the 
lowest singlet-state wave function of group R with NR 

electrons. Similarly, generalized single configuration 
triplet-state wave functions, 3*R^m (m = + 1 , 0, — 1) 
are obtained by excitation to the rmth triplet of group R. 

3$R,m = Ct[3^Rr,, 1^So] (2) 

Now consider configurational mixing between the 
ground state, 1S0, and those configurations, 1 SR 5 , 
which arise by exciting both groups to triplets and spin 
coupling to a singlet function 

1 S R S = 3"'72OIiRr+IS*-! — *R.OSJO + S R ^ 1 S S + 1 ) (3) 

where, for example 

* R r + l & - , = a[d4>RrJ<f>SsJ ( 4 ) 

Configurational mixing between 1S0 and 1SR 3 gives 
1^o = Co1So + T CV8

1SR3 (5) 
r.s 

with energy 1^0 and the summation is over all of the 
triplets of groups R and S. The coefficients are ob­
tained by solving the appropriate secular determinant. 
Matrix element expressions have been reported pre­
viously.6 

In the triplet manifold configurational mixing occurs 
between a given triplet, 3<J>R,.m, and those which are ob­
tained by exciting to the triplets of group S. For the 
w = 0 component of the R group triplets, the most 
general expression is 

3^Po = 2>p0,,.0
3$R,0 + Lcoo,«3*S« (6) 

ra so 

with energy 3E1, and coefficients obtained from di­
agonalizing the secular determinant.5 An expression 
analogous to eq 6 is obtained for the S group triplets. 

With the foregoing expressions for the wave functions 
and energies and the assumption that the electron densi­
ties of the coupled nuclei, N and N ' , are only non-
negligible for group R, the expression for the contact 
nuclear spin-spin coupling constant is 

• W = (2hy\l6Tph/3yyNyN, X 

X. ) ro i f , 
/ gi(0/-o[ IN;IN)SI(OA)I W ; I N ' ) + 

(i/VS)J^50cV0lS0crs}
2 X I 

r° . i f 
gi(0/-0jlN;lN)8iO>o|lN>;lN') 
3 ^ - 1^o )_ 

(7) 

Figure 1. Labeling of atomic and hybrid orbitals in an unsaturated 
three-carbon fragment. 

Ground-state wave functions in the VB method are of 
the form 

^RO = T1CrM, (8) 
3 

where the c r/s are the coefficients corresponding to the 
lowest eigenvalue of the secular determinant and the 
V / s are the nonionic singlet canonical structures in the 
Rumer-Pauling bond diagram method.910 Valence-
bond triplet-state wave functions (m = 0) are of the 
form 

30R,o = T1Cn^l (9) 

where the s4/t's are the nonionic triplet-canonical 
structures.11,12 Valence-bond transition spin densities 
between 1^R0 and 3 0R„ for use in eq 7 and in calculating 
the matrix elements of the secular determinants for 
eq 5 and 6 are given by h<12 

Ci(0r0| l ; l ' ) = i:^crcXl/2)"-«-«i:fl(l)a*(l')/0yi (10) 
]l a 

where a denotes an atomic orbital in R, and in the 
superposition diagrams of the singlet and triplet canoni­
cal structures, in is the number of islands, and fa

n is 
+ 1 if atomic orbital a is part of an island which con­
tains a broken bond and is in the even subset of an 
alternant system. However,/0^ equals — 1 if a is part 
of an island which contains a broken bond and is in 
the odd subset. In all other cases this factor is zero. 

Because of the very large number of terms (784 for the 
16 electron case) which arise for the summation in eq 
5, corresponding to configuration interaction (CI) in 
the singlet manifold, perturbation theory was used to 
calculate the ground-state wave functions and energies. 
However, CI in the triplet manifold was performed by 
diagonalizing a secular determinant over all of the R 
and S group triplet states.13 

A FORTRAN computer program was written to calculate 
coupling constants from eq 7. Representative com­
putation time for a 16-electron fragment is approxi­
mately 2 min on a CDC 6400 digital computer. 

Entered in Table I are the semiempirical molecular 
and atomic exchange integral parameters, K(a,b), for 
orbitals a and b in the unsaturated hydrocarbon frag­
ment depicted in Figure 1. These integrals were used 
in previous calculations of spin-spin coupling con­
stants,4 triplet-state energies,12 and esr hyperfine cou-

(11) A. D. McLachlan, J. Chem. Phys,, 33, 663 (1960). 
(12) M. Barfield, ibid., 47, 3831 (1967). 
(13) This procedure should be more accurate than that used in ref 5 

in which CI in the triplet manifold was performed by successive diagon-
alization of secular determinants for each of the R-group triplets. 
However, results for the nonaromatic systems discussed in ref 5 are 
only slightly affected by this modification. 
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pling constants.14 An exception is the one-center ex­
change integral, K(puci), where pi and C\ denote atomic 
orbitals centered on an aromatic carbon. An empirical 
value of 1.06 eV for this integral was obtained by fitting 
the experimental value of —0.62 Hz between the a-
methyl and para hydrogens in toluene,15 since this six-
bond coupling is expected to be dominated by a a-ir 
configuration interaction mechanism. The lower value 
of this integral for aromatic systems suggests a signifi­
cant reduction in the extent of CT-TT configuration inter­
action, but this cannot be justified on the basis of the­
oretical considerations14 of esr hyperfine coupling con­
stants. Perhaps inadequacies in the VB description of 
aromatic systems and changes in the other parameters 
have been compensated by this change. 

Table I. Molecular and Atomic Exchange Integrals, K(a,b), 
for Orbitals a and b in Unsaturated and Aromatic Systems" 

K(PuPi) 

K(PuC1) = 

K(puh0 = 
K(C1M) = 
K(ps,ct) = 
K(CiM) = 

-2.256 eV (1.337 A)1 

-1.892 (1.40 A)" 
-1.583(1.46 A)6 

-1.483 (1.474 A)* 
1.26 (ethylenic)' 
1.06 (aromatic)** 
0.792' 

— 3.916= 
-0.52 cos2 0« 
-3.80/ 

" Orbitals are labeled as in Figure 1. 6 CA. Coulson and W. T. 
Dixon, Tetrahedron, 17, 215 (1962); D. Clarkson, C. A. Coulson, 
and T. H. Goodwin, ibid., 19, 2153(1963). ' Reference 14. ''Em­
pirical value from this work. * Reference 4. > Reference 2. 

cr-Electron contributions to spin-spin coupling con­
stants have not been included in these calculations be­
cause they would require the introduction of many 
more orbitals and exchange integral parameters. 

Results and Discussion 

A. Benzene, Existing theoretical calculations16-18 

of 7r-electron contributions to spin-spin coupling in 
aromatic molecules made use of empirical hyperfine 
coupling constant data from the electron spin resonance 
spectra of aromatic free radicals. Although the as­
sumption of single determinant molecular orbital 
(MO) wave functions in conjunction with the "average 
energy approximation" led to necessarily positive or 
zero H-H coupling constants,16 the use of VB wave func­
tions with the "average energy approximation" led17 

to negative 7r-electron contributions to the coupling be­
tween meta protons in benzene. 

Calculated results for benzene are based on ten-
electron fragments consisting of a six-electron group for 
the it system of benzene and a four-electron group con­
sisting of two C-H bonds in the appropriate positions. 
The calculated VB ground to triplet-state energies, 
3E11 —

 1E0, and the contribution of each triplet to the 
ortho, meta, and para coupling constants are entered in 
Table II. Triplet states, which correspond to those for 
the 7r-electron system of benzene, have been labeled by 
the symmetry species appropriate to the D6h point 

(14) M. Karplus and G. K. Fraenkel, J. Chem. Phys., 35, 1312 (1961). 
(15) M. P. Williamson, R. Kostelnik, and S. Castellano, ibid., 49, 

2218 (1968). 
(16) H. M. McConnell, J. MoI. Spectrosc, 1, 11 (1957). 
(17) H. M. McConnell, J. Chem. Phys., 30, 126 (1959). 
(18) J. V. Acrivos, MoI. Phys., 5, 1 (1962). 

Table II. Calculated VB Ground to Triplet-State Energies, 
3E11 — 1E0, and the x-Electron Contributions, sJ*un'(n), 
V'HH'M,

 sJTnu'(i<), of Each Triplet, K, to the ortho, meta, 
and para Coupling Constants in Ten-Electron Fragments for 
the Benzene Molecule" 

K 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

"E11 - 1E0, 
eV 

2.59(3B111)" 
5.76(3Ei11)

6 

5.76(3E1J" 
6.82(3E28)" 
6.82(3E26)" 
7.84 
7.85 

11.05(3B111)" 
12.50(3A2g)" 
13.56(3E111)" 
13.56(3E111)' 
15.66 

2/'HH-(K) = 

V ' H H ' ( K ) , 

Hz 

1.17 
-0 .41 

0.14 
3.08 

-1 .05 
263.11 

-265.29 
0.01 
0.00 
0.00 
0.00 
0.00 

0.76 

V W M , 
Hz 

-1 .17 
0.41 

-0 .14 
3.09 

-1 .04 
263.32 

-265.07 
-0 .01 

0.00 
0.00 
0.00 
0.00 

-0 .61 

V'HH'M, 
Hz 

1.17 
0.54 
0.00 

-4 .11 
0.00 

-262.69 
265.73 

0.01 
0.00 
0.00 
0.00 
0.00 

0.65 

0 It was assumed that r(C-C) = 1.40 A. " Triplet states which 
correlate with those for the x-electron system of benzene. 

group. Total calculated 7r-electron contributions to the 
three types of coupling are given at the bottom of Table 
II. As noted previously,4 total values depend critically 
on the cancellation between two large contributions 
with opposite signs. The results appear to converge 
since contributions from the higher triplets are negligible. 
The triplet-state assignments for benzene are consistent 
with those based on the ab initio calculations of Buenker, 
Whitten, and Petke;19 however, the lowest triplet state 
is about 1 eV smaller than the experimental value (3.65 
eV).20 Several interesting discussions have been given 
of the symmetry properties21-23 of the triplet contribu­
tions to the nuclear spin-spin coupling constants in the 
Ramsey perturbation formulation.3 These symmetry 
properties are apparent in the contributions of each of 
the triplets in Table II to the ortho, meta, and para TT-
electron coupling constants in benzene. Magnitudes 
of contributions from species which are degenerate in 
D6h symmetry are not necessarily the same because 
E lu, for example, correlates with Ai + Bi in C2v sym­
metry but correlates with B2u + B3u in D2h symmetry.24 

Entered in Table III are the calculated 7r-electron 
contributions to the ortho, meta, and para coupling 

Table III. Comparison of a Number of ortho, meta, and para 
Coupling Constants in Benzene with the Experimental Values 

J'HH' (VB)," 7'HH' (VB),' 

Hz Hz 

^HH' 

(CNDO),' 
Hz 

JnW 
(INDO),' 

Hz 

JaW 
(exptl),' 

Hz 

ortho 
meta 
para 

0.76 
-0.61 

0.65 

0.47 
-0.21 
0.23 

7.55 
1.90 
0.44 

8.15 
2.13 
1.15 

7.54 
1.37 
0.69 

"This work. "Reference 17. 'Reference 31. d J. M. Read, 
R. E. Mayo, and J. H. Goldstein, J. MoI. Spectrosc, 22, 419 (1967). 

(19) R. J. Buenker, J. L. Whitten, and J. D. Petke, / . Chem. Phys., 49, 
2261 (1968). 

(20) S. Mason, Quart. Rev. (London), 15, 287 (1961). 
(21) T. Vladimiroff, J. Phys. Chem., 69, 3197 (1965). 
(22) C. Barbier and J. Serre, Theoret. Chim. Acta, 7, 64 (1967). 
(23) C. Barbier and G. Berthier, Int. J. Quantum Chem., 1, 657 (1967). 
(24) E. B. Wilson, J. C. Decius, and P. C. Cross, "Molecular Vibra­

tions," 1st ed, McGraw-Hill Book Co., Inc., New York, N. Y., 1955, 
p 337. 
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constants in benzene, theoretical coupling constants 
obtained by other investigators, and the experimental 
results. The 7r-electron results obtained here are two 
to three times larger than the values obtained by Mc-
Connell17 by means of VB wave functions and the 
"average energy approximation." An increase by this 
amount seems to be typical of the use of VB finite sum 
methods1 instead of the "average energy approxima­
tion" but with the same exchange integral parameters. 

The large discrepancies between the calculated ortho 
and meta coupling constants in the first column of 
Table III and the corresponding experimental values in 
the last column can be attributed to the neglect of sig­
nificant positive contributions which arise within the 
(r-electron framework.25-27 The para H-H coupling 
constant appears to be dominated by a 7r-electron 
mechanism, i.e., a a-ir configuration interaction mecha­
nism,17 but there have been some theoretical discus­
sions28-30 which suggest small, positive cr-electron con­
tributions for coupling over five bonds. 

Recent theoretical results for aromatic coupling 
constants have been based on self-consistent perturba­
tion theory31 with CNDO32 (complete neglect of dif­
ferential overlap) and INDO3 3 (intermediate neglect of 
differential overlap) wave functions. Calculated aro­
matic coupling constants based on these types of wave 
functions are entered in the third and fourth columns of 
Table III. The INDO method differs from the CNDO 
method in the inclusion of one-center exchange inte­
grals. As a consequence, the difference between the re­
sults of the two methods is indicative of the importance 
of (j—K configuration interaction to the spin-spin 
coupling. The differences between the CNDO and 
INDO results for ortho and para coupling are close to 
those obtained by the VB method, but this difference for 
meta coupling is somewhat smaller in magnitude and of 
a different sign. 

B. Toluene and the Xylenes. Recent accurate 
experimental coupling constant data for toluene15'34 

provide good experimental criteria for the theoretical 
calculations. Acrivosls reported results for the related 
system, sym-trimethylbenzene, and obtained theoretical 
results based on a method which is similar to that in­
troduced by Karplus,35 but which includes a sum over 
occupied and unoccupied Hiickel molecular orbitals 
for the TT system of benzene. 

In Table IV are entered the calculated 7r-electron 
contributions to the long-range H-H coupling con­
stants for toluene (items 1-3) and o-, m-, and /!-xylenes 
(items 4-6). The calculations were based on ten-elec­
tron fragments similar to those for benzene. Also in­
cluded in Table IV are the theoretical results of Acri­
vos18 and pertinent experimental data.16'18 As noted 

(25) M. Karplus, J. Chem. Phys., 30, 11 (1959). 
(26) M. Barfield, ibid., 46, 811 (1967). 
(27) M. Barfield, ibid., 41, 3825 (1964). 
(28) R. Ditchfield, G. T. Jones, and J. N. Murrell, Theoret. Chim. 

Acta, 9, 253 (1968). 
(29) H. Frischleder and G. Bar, MoI. Phys., 11, 359 (1966). 
(30) M. Barfield and M. Karplus, J. Am. Chem. Soc, 91, 1 (1969). 
(31) J. A. Pople, J. W. Mclver, and N. S. Ostlund, J. Chem. Phys., 

49, 2965 (1968). 
(32) J. A. Pople, D. P. Santry, and G. A. Segal, ibid., 43, S129 (1965). 
(33) J. A. Pople, D. L. Beveridge, and P. A. Dobosh, ibid., 47, 2026 

(1967). 
(34) D. Gagnaire and T. Huu-Ich, Bull. Soc. Chim. Fr., 3763 (1966); 

G. Kotywycz and T. Schaefer, Can. J. Chem., 44, 2743 (1966). 
(35) M. Karplus, / . Chem. Phys., 33, 1842 (1960). 

Table IV. Calculated jr-Electron Contributions to the 
Long-Range H - H Coupling Constants in Ten-Electron Fragments 
for the Toluene and Xylene Molecules and Available 
Experimental Data 

/ " H H ' JTHB' JHB' 
(calcd)," (calcd),6 (exptl), 

Molecule Hz Hz Hz 

Toluene 
1. C H 3 t o o - H - 0 . 7 3 - 0 . 8 7 -0 .75« 
2. C H 3 t o m - H 0.59 . . . 0.36« 
3. CH3 top-U (-0.62J-* - 0 . 3 7 -0.62=.' ' 

Xylenes 
4. CH3 to 0-CH3 0.74 
5. CHstom-CHs - 0 . 6 0 - 0 . 3 2 < | 0 . 3 5 | " 
6. CH3 to P-CH8 0.63 

"This work. "Reference 18. c Reference 15. d Exchange 
integral, K{ci,p\), fitted to this value. 

previously, the one-center exchange integral, K(ci,pi), for 
an aromatic carbon was fitted to the experimental value 
for the a-Me top-H coupling in toluene (item 3). This 
experimental value was chosen because any contribu­
tions to this coupling over six bonds by direct or in­
direct c-electron mechanisms30 are expected to be mini­
mal. For a freely rotating or hindered methyl group, 
the average value K(cz,p2)av = —0.26 eV was chosen.4 

With the parameterization discussed above, the cal­
culated toluene a-methyl to o-H coupling constant 
(item 1) is in good agreement with the experimental 
value. Crude, semiempirical VB calculations27 for the 
similar case of allylic coupling indicated a small positive 
contribution to V H H ' from indirect, <7-electron mecha­
nisms, but empirical observations36 suggest that c-elec­
tron contributions should vanish for the cis relationship 
of the protons. The calculated five-bond coupling 
between the a-methyl and meta proton (item 2) in 
toluene is almost twice the experimental value. This 
is probably due to inclusion in the VB formalism of 
too much correlation between electrons in the same 
subset of an alternant system. 

It is interesting that the calculated o-, m-, and p-
xylene coupling constants (items 4-6) have almost 
identical magnitudes to the analogous values in toluene 
even though different exchange integrals are used. The 
calculated methyl to m-methyl coupling (item 5) is too 
large, presumably for the reason cited above. On this 
basis the calculated o-xylene and />-xylene couplings 
should be in better agreement with experimental values 
but these are not yet available. 

C. Cyclopentadiene and Indene. Since experimen­
tal results for cyclopentadiene37 and indene38'39 are 
based on partial analyses of the complex nmr spectra, 
many of the smaller coupling constants were not deter­
mined. However, the calculated results are consistent 
with many aspects of the spectra and in the case of in­
dene many prove of value in performing a detailed 
analysis. 

Calculated 7r-electron contributions to the H-H 
coupling constants for fragments of the cyclopentadiene 
(I) and indene (II) molecules and the experimentally 
determined values are entered in Table V. In both 

(36) E. W. Garbisch, Jr., / . Am. Chem. Soc, 86, 5561 (1964). 
(37) S. L. Manatt and D. D. Elleman, quoted by J. B. Lambert, L. J. 

Durham, P. Lepoutere, and J. D. Roberts, ibid., 87, 3896 (1965). 
(38) D. D. Elleman and S. L. Manatt, J. Chem. Phys., 36, 2346 (1962). 
(39) J. A. Elvidge and R. G. Foster, / . Chem. Soc, 590 (1963). 
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H, H 

I I 
cases the ring systems were assumed to be planar with 
tetrahedral HCH angles bisected by the planes of the 
rings. Results reported here are based on fragments 
with a single C-H bond for the methylene group since 
satisfactory exchange integral parameters for a tetra­
hedral CH2 group have not been established un­
ambiguously.2,40 As additional justification for this 
procedure, it should be noted that calculations with 
empirically determined parameters for the CH2 groups 
gave essentially the same results as those in which a 
single C-H bond was considered. 

Table V. Calculated ir-Electron Contributions to Spin Coupling 
in Fragments of the Cyclopentadiene and Indene Molecules 
Compared with Available Experimental Data 

. Cyclopentadiene" 

(calcd), (exptl), 
HH' Hz Hz HH' 

Indene6-
J"MR' 

(calcd), 
Hz 

^HH' 
(exptl), 

Hz 

12 
13 
22' 
33' 
23' 

23 

1.76 
-1,58 
1.10 
0.86 

-0.95 

2.29 

1.20* 
—1.31d 

1.94d 

1.94d 

1.09* 

5.06* 

12 
13 
14 
15 
16 
17 
23 
24 
25 
26 
27 
34 
35 
36 
37 

2.22 
-2.09 
0.56 

-0.67 
0.60 

-0.83 
2,39 
0.32 

-0.25 
0.27 

-0.26 
-0.34 
0.27 

-0.29 
0.27 

2 
-1 

5 

02« 
98« 

58« 

~|0.7|« 

° Calculations were based on eight-electron fragments if the 
coupling constant included the 1 protons, and ten-electron frag­
ments in all other cases. The ring system was assumed to be 
planar with KC=C) = 1.337 A, KC-C) = 1.483 A, and the HCH 
angle was assumed to be tetrahedral. b Calculations were based on 
12-electron fragments if the calculated coupling constant included 
the 1 proton; 14-electron fragments were used in all other cases. 
In the aromatic ring it was assumed that KC—C) = 1.40 A, and in 
the five-membered ring KC=C) = 1.337 A, KC-C) = 1.483 A, 
and the HCH angle was assumed to be tetrahedral. « Reference 38. 
d Reference 37. ' Reference 39. 

The nmr spectrum of cyclopentadiene was partially 
analyzed37'38 by double-resonance techniques with 
irradiation of the methylene protons. Results for 
Jii and Jiz in Table V are of particular interest because 
both the experimental and theoretical values are sig­
nificantly less than the corresponding values in indene. 
These two coupling constants each include contribu­
tions of different magnitude and sign for the two possible 
coupling paths around the five-membered rings. For 
example, the calculated /T i2 in cyclopentadiene reflects 

(40) M. Barfield and D. M. Grant, Advan. Magnetic Resonance, 1, 
149 (1965). 

contributions of about 2.8 Hz along the three-bond path 
and ~ —1.1 Hz along the six-bond path. The 7'I3 

coupling in I is attributable to contributions of about 
— 2.5 Hz along the four-bond path and ~ 1.0 Hz along 
the five-bond path. The other calculated 7r-electron 
coupling constants for cyclopentadiene in Table V are 
consistent with nonnegligible contributions from the 
cr-electron framework. If a nominal value of 1.2 Hz27 

is ascribed to (/-electron contributions for the all trans 
arrangement of the four-bond H-H coupling constant, 
the total estimated value for J2V (2.3 Hz) is reasonable 
but we have underestimated Z23' (0.25 Hz) if a positive 
sign for the experimental value is assumed. 

The calculated indene coupling constants, / ^ 2 and 
/"is in Table V, have larger magnitudes than the cor­
responding values for cyclopentadiene because contri­
butions for the six- and five-bond paths which include 
the aromatic ring protons are ~ — 0.5 and ~ + 0 . 5 Hz, 
respectively. These values are about one-half of those 
for coupling through a nonaromatic ir-electron system. 
Smaller magnitudes for transmission of spin "infor­
mation" through an aromatic ring seem to be general 
and a consequence of the partial bond orders in such 
systems.35 The methylene protons also are coupled to 
some or all of the aromatic ring protons.38 Since these 
protons are the X2 part of an ABCDKLX2-type spec­
trum,38,41 first-order analysis is not sufficient to deter­
mine the sign and magnitude of the long-range coupling 
constants. However, the long-range coupling constant 
with the largest calculated magnitude (J'17 = —0.83 
Hz) is consistent with the observation39 that methyl 
substitution in the 7 position of indene removes the 
largest splitting in the spectrum of the methylene group 
protons. By analogy with the results for the a-
methyl to m-H long-range coupling in toluene (Table 
IV), it seems likely that JTu and JT

U in Table V may be 
too large by a factor of about 2. 

The 3 proton of indene is also split by several aro­
matic protons and the largest splitting appears to be 
±0.7 Hz. This is consistent with long-range coupling 
to the 7 proton if in addition to the calculated value of 
0.27 Hz a contribution of about 0.4 Hz arises from the 
a-electron framework in the all trans arrangement of the 
bonds linking the 3 and 7 protons.80 The width of the 
observed spectral lines38 for the 2 proton in indene is 
consistent with the calculated long-range coupling 
constants in Table V, but a detailed analysis is clearly 
necessary. 

D. Cycloheptatriene and Cyclooctatetraene. In 
contrast to the fragments considered above, the w 
electron systems of cycloheptatriene and cyclooctate­
traene exhibit substantial deviations from planarity.42,43 

It may be anticipated that the decreased delocalization 
will have a marked effect on the values of the spin-spin 
coupling constants. Complicating features in the nmr 
spectra at room temperature are equilibration of non-
planar cycloheptatriene conformers44-46 and valence 

(41) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "High Resolu­
tion Nuclear Magnetic Resonance," McGraw-Hill Book Co., Inc., 
New York, N. Y., 1959, Chapter 6. 

(42) S. S. Butcher, J. Chem. Phys., 42, 1833 (1965). 
(43) O. Bastiansen, L. Hedberg, and K. Hedberg, ibid., 27, 1311 

(1957). 
(44) J. B. Lambert, L. J. Durham, P. Lepoutere, and J. D. Roberts, 

J. Am. Chem. Soc, 87, 3896 (1965). 
(45) F. A. L. Anet, ibid., 86, 458 (1964). 
(46) F. R. Jensen and L. A. Smith, ibid., 86, 956 (1964). 
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tautomerism in cyclooctatetraene.47> 4S 

The calculated 7r-electron contributions for fragments 
of the cycloheptatriene (III) and cyclooctatetraene (IV) 
molecules are entered in Table VI along with the 

n 
Table VI. Calculated 7r-Electron Contributions to the Spin-Spin 
Coupling Constants in Fragments of the Cycloheptatriene and 
Cyclooctatetraene Molecules Compared with Available 
Experimental Data 

HH' 

Cycloheptatriene0-

/ ' H H ' (calcd), Hz 
/3 = 40° / 3 = 0 ° 

(exptl),' 
Hz 

-—Cyclooctatetraene1— 
/ r H H ' ^HH' 

(calcd), (exptl),d 

HH' Hz Hz 

12 
13 
14 
23 
24 

25 
26 
27 
34 
35 
36 

0.93* 
-0.91« 
0.50« 
2.48 

-1.64 

0.55 
-0.34 
0.09 
3.06 

-1.99 
1.26 

0.86« 
-0.82« 
0.04« 
2.33 

— 1.041 

1.14J 
-0.42 
0.51 
0.95 

-0.47 
0.36 

6.7 
<0.4 
<0.1 
8.9 

1.48/ 

5.51 
0.72 
0.69 

12 
13 
14 
15 
16 

23 

2.42 
-2.58 
0.22 

-0.22 
2.34 

4.53 

11.0 

2.0 

0 Calculations were based on 10-electron fragments if the cou­
pling included the 1 protons, and 12-electron fragments otherwise. 
The ring system was assumed to be nonplanar with r(C=C) = 
1.337 A, r(C— C) = 1.483 A, and the HCH angle was assumed to 
be tetrahedral. b Calculations were based on 12-electron fragments 
with the "tub" conformation and KC=C) = 1.337 A,/-(C-C) = 
1.46 A. 'Reference 49. d Reference 48. 'Values taken as the 
average for the 1' and 1 protons. 'Ju + Jis, = 1.48 Hz. 

available experimental data.48,49 Two different con­
formations were assumed for the cycloheptatriene 
fragments corresponding to different values for the 
angle /3 between the planes formed by C3-C4-C5-C6 

and C2-C3 • • • C6-C7. In one set of calculations on the 
cyclooctatetraene fragments, /3 was taken to be 40°, 
which is close to the microwave result of 40.5 ± 2°,42 

and in the other calculations this angle was taken to be 
0 ° in accordance with the X-ray diffraction results50 for 
the Mo(CO)3 complex of III. In both sets of cal­
culations the dihedral angles for the methylene protons 
were assumed to be 90 and 330°. The absence49 of any 
Tr-electron enhancement51 of the geminal coupling 
constant, Jn, provides further evidence for a confor­
mation in which one of the methylene protons is in the 
nodal plane of the adjacent TT electrons. In the room-

(47) F. A. L. Anet, J. Am. Chem. Soc, 84, 671 (1962). 
(48) J. F. M. Oth, R. Merenye, T. Martini, and G. Schroder, Tetra­

hedron Lett., 3087 (1966). 
(49) H. Gunther and R. Wenzl, Z. Naturforsch., B22, 389 (1967). 
(50) J. P. Dunitz and P. Pauling, HeIe. CMm. Acta, 43, 2188 (1960). 
(51) M. Barfield and D. M. Grant, J. Am. Chem. Soc, 85, 1899 

(1963). 

temperature nmr spectrum44,46 of III the methylene 
protons are equivalent, corresponding to equilibrium 
between two equivalent conformers. Thus, coupling 
constants involving the methylene protons were taken 
as the average of the two values (JT

i2, J
Tu, and J"u in 

Table VI). 
Since the 2 to 7 protons in cycloheptatriene are 

separated from the methylene (1 and 1') protons by an 
odd/even number of bonds along one path of the ring 
and an even/odd number of bonds along the other path, 
the first three calculated values of / H H ' in Table VI arise 
as sums of contributions with opposite signs. The 
magnitudes of the calculated VB 7r-electron contri­
butions decrease steadily with the number of intervening 
bonds in a linear polyene system; thus, the signs of the 
couplings to the 1 protons are determined by the sign 
of the coupling along the shorter path. The calculated 
values for J*12 and 7*13 are consistent with significant 
c-electron contributions. 

Of the two sets of calculated coupling constants for 
cycloheptatriene, only that for /3 = 0° in Table VI 
appears to be completely consistent with the experi­
mental results. For example, the observed value for 
Ju + Jro is +1.48 Hz, but for /3 = 40° the sign of the 
calculated sum is negative. However, for the /3 = 0° 
conformation, addition of +1.2 Hz due to cr-electron 
coupling in the all-trans arrangement of the bonds 
linking the 2 and 4 protons gives a total estimated value 
of +1.30 Hz, which is in good agreement with the 
experimental results. Similarly, an addition of +1.2 
Hz to the calculated value of —0.47 Hz for J36 in the 
/3 = 0° conformation leads to an estimated value of 
+0.73 Hz, which is in very good agreement with the 
experimental value of +0.72 Hz. For the /3 = 40° 
conformation the calculated value for Ji5 is of the wrong 
sign. Also, with the expectation of positive contribu­
tions from the o--electron framework to the five-bond 
coupling constant29, Z36, the value obtained for this 
coupling in the /3 = 0° conformation is the only one 
which is consistent with the experimental results. Thus, 
it appears that the 0° value50 for 0 is the correct one for 
cycloheptatriene in solution. 

Cyclooctatetraene was assumed to be in the "tub" 
conformation. The dihedral angles between adjacent 
double bonds were assumed to be 70°. Calculated 
results in Table VI are based on 12-electron fragments 
consisting of one group with eight 2px electrons and 
another with two C-H bonds. The large values cal­
culated for J*u, Jw

u, and J*23 in Table VI can be attrib­
uted to the very favorable relationship between the 
C-H bonds containing the coupled protons and the Tr-
electron system. Very small calculated values for 
J17U and J*is arise because of the near orthogonality of 
the individual double bonds which comprise the 
extended 7r-electron system. The geometry of cyclo­
octatetraene is such that the coupling constants should 
have minimal contributions from the <r-electron frame­
work. Exceptions, of course, are coupling constants 
of the Ji2 type. 

Conclusions 

On the basis of the comparison of a large number of 
calculated coupling constants in aromatic and cyclic 
unsaturated hydrocarbons with the experimental data, 

Barfield, Chakrabarti / ir-Electron Coupling in Unsaturated Hydrocarbons 



4352 

the following general observations can be made in 
regard to the mechanisms. 

(a) A 7r-electron (a-ir configuration interaction) 
mechanism is dominant for para H - H coupling in 
benzene, a-methyl to H coupling in toluene, and methyl 
to methyl coupling in the xylenes, a contributions to 
ortho and meta coupling in benzene are considerably 
larger than the IT contributions. 

(b) An aromatic 7r-electron system is less effective 
in transmitting spin information than a linear polyene 
system; i.e., the magnitudes are smaller. 

I t was pointed out in our previous publications,2 as 
well as those of Edgell and coworkers, that the 

combination of nmr and far-infrared spectroscopic 
techniques offers a new approach to the study of ionic 
solvation. These publications reported spectroscopic 
studies on solvation of alkali metal salts in dialkyl 
sulfoxides2*-0 and other solvents.2d-f A model for the 
alkali metal vibration in solvent cage was proposed.2d_f 

It was of interest to us to extend these studies to other 
solvents, both polar and nonpolar, so as to determine 
the influence of solvent properties on the formation, the 
stoichiometry, and the structure of the solvation cage 
around metal ions. In this paper, we report the study 
of the alkali metal ion solvation in 2-pyrrolidone and its 
derivatives. 

In general, 2-pyrrolidones are polar compounds with 
a dielectric constant of 273 for the 2-pyrrolidone and 324 

tor the l-methyl-2-pyrrolidone (hereafter abbreviated 
2PY and 1M2PY, respectively). The pyrrolidones also 
act as nucleophilic reagents and form complexes with 

(1) Abstracted in part from the Ph.D. Thesis of J, L. Wuepper, 
Michigan State University, 1969. 

(2) (a) B. W. Maxey and A. I. Popov, J. Am. Chem. Soc, 89, 2230 
(1967); (b) ibid., 90, 4470 (1968); (c) ibid., 91, 20 (1969); (d) W. F. 
Edgell, Abstracts, 153rd National Meeting of the American Chemical 
Society, Miami Beach, FIa., April 9-14, 1967, No. R-149; (e) W. F. 
Edgell, J. Lyford, and J. Fisher, Abstracts, 155th National Meeting of 
the American Chemical Society, San Francisco, Calif., March 31-April 
5, 1968, No. S-136; (f) W. F. Edgell, personal communication. 

(3) R. L. Blumenshine and P. G. Sears, J. Chem. Eng. Data, 11, 141 
(1966). 

(4) P. G. Sears, W. H. Fortune, and R. L. Blumenshine, ibid., 11, 
406(1966). 

(c) Contributions to 7r-electron coupling from dif­
ferent paths are approximately additive. 

(d) The VB calculations appear to overestimate the 
7r-electron coupling constants between nuclei which are 
associated with 2px electrons in the same subset of an 
alternate system. 

Acknowledgments. This work was supported in 
part by grants from the National Science Foundation. 
The authors wish to thank the University of Arizona 
Computer Center for providing computational facili­
ties. 

both transition6 and nontransition metal ions.6,7 Studies 
on the solvent properties of 1M2PY indicate that it is 
an excellent dissociating solvent.8,9 Preliminary in­
vestigation indicated that at least 2PY and 1M2PY 
have reasonable transparencies in the far-infrared 
spectral region. 

Experimental Section 

Apparatus. All far-infrared spectra were obtained with a Perkin-
Elmer 301 far-infrared spectrophotometer. Demountable liquid 
cells with Teflon spacers and polyethylene windows (Barnes Engi­
neering Co.) were used. Cell thicknesses were usually kept at 0.05 
or 0.1 mm. Between runs, the cells were flushed with acetone and 
then with pentane and dried in a current of dry air. The spectro­
photometer was used in the double-beam mode. A dry nitrogen 
purge was always maintained when running below 320 cm -1 but 
the purge was not necessary above this frequency. Concentrations 
of salt solutions were varied between 0.1 and 2.0 M. Most mea­
surements, however, were carried out with 0.5 M solutions. 

Ultraviolet spectra were obtained on a Cary 14 spectropho­
tometer. Infrared spectra from 4000 to 600 cm-1 were obtained 
on either a Perkin-Elmer 237B or a Unicam SP 200 spectrophotom­
eter. 

The nmr measurements were made on a 60-Mc Varian A-60 spec­
trometer. All sample tubes were equilibrated at 35° before they 
were placed in the probe. This practice ensured reaching thermal 

(5) J. H. Bright, R. S. Drago, D. M. Hart, and S. K. Madan, Inorg. 
Chem., 4, 18(1965). 

(6) P. S. Gentile and T. A. Shankoff, J. Inorg. Nucl. Chem., 27, 2301 
(1967). 

(7) S. K. Madan, Inorg. Chem., 6, 421 (1967). 
(8) M. D. Dyke, P. G. Sears, and A. I. Popov, J. Phys. Chem., 71, 

4140(1967). 
(9) M. Breant, personal communication. 
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Abstract: The far-infrared spectra of alkali metal salts in 2-pyrrolidones exhibit bands which are not 
present in either the pure solvent or the pure salt. The band frequencies are dependent on the nature of the cat­
ion and solvent but not on the anion. The experimental evidence indicates that the observed bands are due to 
vibrations of the cations in a solvent cage. Nuclear magnetic resonance and far-infrared mole-ratio studies were 
used to determine the coordination number of lithium ion in a mixed solvent system, l-methyl-2-pyrrolidone 
(1M2PY) and dioxane. Both techniques indicate that the lithium ion is solvated by four molecules of the pyrroli-
done. Examination of the carbonyl band frequency in 1M2PY indicates that the cation interacts strongly with the 
oxygen of the carbonyl group. The absence of Raman lines in 1M2PY solutions of lithium salts suggest that the 
bond with solvent is essentially ionic. 
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