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Ha, broad singlet (1 proton) at r 4.76; Hb, 
doublet (two protons), centered at T 4.30 
(J ~ 1.9 cps); Hc, doublet (two protons), 
centered at T 3.03 (/ ~ 1.9 cps); Hd, multiplet 
(three protons), centered at r 3.37; He series of 
multiplets (eight protons), ranging from T 6.88 
to 8.13. 

shifts has been well established.8 Allinger, et al.,sb 

predict that [7]paracyclophane should have a long-
wavelength absorption band at 288 m/i and that the 
1,4-carbon atoms are bent out of the plane of the other 
four by about 26°. The question of whether the band 
at 291 m/x in the spectrum of II is the predicted absorp
tion is a matter for conjecture. 

The long-wavelength charge-transfer band in the 
visible spectrum of the tetracyanoethylene ir salt of II 
in methylene dichloride occurred at 455 m/x. This 
transition is of higher energy than that of any of the 
other paracyclophanes9a and is between that of m-
xylene (440 m/x) and ^-xylene (460 m/i).9b This fact 
implies that II is a weaker TT base than either [2.2]-
paracyclophane (w salt, Xmax 521 mix)93 or [2.2]meta-
cyclophane (T salt, Xmax 486 imx).10 

The structure of hexahydropyrene III was assigned on 
the basis of its combustion analysis,3 melting point,4 

the melting point of its orange picrate (150.4-150.6°, 
lit.4 147-148°), its vpc retention time (close to that of 
pyrene), the similarity of its ultraviolet spectrum to 
that of alkylated naphthalenes, and its nmr spectrum in 
carbon tetrachloride. The five aromatic protons 
occurred as a multiplet centered at r 2.82; the five 
benzylic protons as a multiplet extending from T 6.75 
to 7.5; the six methylene protons as a multiplet ex
tending from r 7.65 to 8.95. 

Two possible driving forces are envisioned for the 
rearrangement of I to II. Compound I has about 31 
kcal/mole strain energy,11 much of which is probably 
associated with 7r-7r repulsion. In the conversion of I 
to II, the rings are decentered and ir-w repulsions de
creased. Although one of the two benzene rings of II 
(para-substituted) is probably more deformed than the 
two rings of I, the other (mera-substituted) is probably 
less deformed, and the over-all deformation strain of 
the two systems might be comparable. 

The second driving force for rearrangement could 
derive from the facts that m-dialkylbenzenes are 

(8) (a) D. J. Cram and G. R. Knox, ibid., 83, 2204 (1961), and earlier 
papers; (b) N. L. Allinger, L. A. Freiberg, R. B. Hermann, and M. A. 
Miller, J. Am. Chem. Soc, 85, 1171 (1963); (c) E. M. Arnett and J. 
M. Ballinger, Tetrahedron Letters, 3803 (1964). 

(9) (a) D. J. Cram and R. H. Bauer, J. Am. Chem. Soc, 81, 5971 
(1959); (b) R. E. Merrifield and W. D. Phillips, ibid., 80, 2778 (1958). 

(10) The authors wish to thank Dr. N. L. Allinger for a sample of 
[2.2]metacyclophane. 

(11) R. H. Boyd, P. Christenen, and R. Pua, 19th Calorimetry Con
ference, Washington, D. C , 1964. 
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Figure 1. Ultraviolet absorption spectra (Cary Model 14 spectro
photometer) in 95 % ethanol; [2.2]metaparacyclophane (II), ; 
w,/>'-dimethylbibenzyl (V), -—. 

stronger bases toward protons thanp-dialkylbenzenes,12 

and that the conjugate acid of II is of lower energy than 
that of I. The highly colored reaction mixtures sug
gest the presence of these conjugate acids. Production 
of hexahydropyrene III probably occurs through [2.2]-
metacyclophane as an intermediate, which when 
treated with aluminum chloride is known4 to produce 
III. A trace of [2.2]metacyclophane has been de
tected in the reaction mixture for rearrangement by vpc 
and nmr methods, but the substance occurs in too 
small an amount to be isolated. Acid-catalyzed rear
rangements of methylene groups in paracyclophane 
systems have been observed previously,13 particularly in 
strained systems. 

The chemistry of [2.2]metaparacyclophane is under 
active investigation. 

r€h 

conjugate acid of I I 

(12) D. A. McCauley and A. P. Lien, J. Am. Chem. Soc, 74, 6246 
(1952). 

(13) B. H. Smith, "Bridged Aromatic Compounds," Academic Press 
Inc., New York, N. Y., 1964, p 245. 
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Toward a Better 2pTr-Atomic Orbital for 
7r-Electron Theory1 

Sir: 
The concept of a carbon 2p7r atomic orbital (AO) 

plays a key role in the theory of the electronic structure 

(1) This research was sponsored in part by the United States Atomic 
Energy Commission under contract with the Union Carbide Corp. 

Communications to the Editor 



1326 

Table I. Results of Minimization of Carbon Valence-State Energy for Alternant Hydrocarbon Ground State 

Basis type and total 
energy, au 

I. Integral n, minimal 
-37.2264492 

II. Nonintegral n, minimal 
-37.2938082 

III. Nonintegral n, 
"double f" 
-37.3197624 

7 

0.5061 au 
13.77 ev 

0.4785 au 
13.02 ev 

0.4549 au 
12.38 ev 

Basis 

n 
Principal 
quantum 

functions no. 

S 

S 

pa 
PTT 

S 

S 

pa 
PT 
S 

S 

S 

S 
pa
pa 
pir 
ptr 

1 
2 
2 
2 
0.9859 
2.2417 
1.6609 
1.4803 
0.9918 
2.7821 
4.8307 
4.4118 
1.8362 
1.8803 
1.7491 
1.8190 

f 
orbital 

exponent 

5.6787 
1.6649 
1.6136 
1.2929 
5.5965 
1.8540 
1.3468 
0.9633 
5.727 
2.519 
2.079 
3.563 
1.215 
2.291 
0.772 
1.915 

Is 

0.99715 
0.012074 

0.99783 
0.00974 

0.98132 
0.16262 

-0 .01242 
-0 .13384 

Coefficient for atomic orbitals 
2s 

-0 .24872 
1.02763 

-0 .23300 
1.02463 

0.21820 
0.94180 
0.23911 

-0 .08623 

2po-

1.00000 

1.00000 

0.74564 
0.29711 

2px 

1.00000 

1.00000 

0.69702 
0.39386 

of 7r-electron molecules.2 This AO is usually imagined 
to be a hydrogen-like 2p orbital with an effective nuclear 
charge Z = 3.18,3-4 although values of Z ranging from 
1.85 to 3.25 may be found in the literature.5-12 Oc
casionally this 2px orbital is represented by an atomic 
Hartree-Fock orbital.13 

What is the best carbon 2p7r-AO for 7r-electron 
theory? Perhaps a large part of the discrepancy be
tween so-called nonempirical theory and experiment, 
as for example in the Goeppert-Mayer and Sklar 
(GMS) type calculations 3,14~" on benzene, is due to the 
choice of AO. In this communication we present a 
candidate for a better 2p7r-AO which was obtained by 
minimizing the energy of a valence state of carbon in an 
alternant hydrocarbon ground state. We also indicate 
why a Tr-electron calculation with this AO should give 
results closer to experiment than calculations with the 
AO's used formerly. 

Within the ir-electron approximation,18 we imagine 
that the ©--electron part of the wave function of an 
alternant hydrocarbon in the ground state (AHC-gs) is 
described by valence-bond theory19 and the 7r-electron 
part by self-consistent field LCAO-MO theory.20 

(2) R. G. Parr, "Quantum Theory of Molecular Electronic Structure," 
W. A. Benjamin, Inc., New York, N. Y., 1963. 

(3) M. Goeppert-Mayer and A. K. Sklar, / . Chem. Phys., 6, 645 
(1938). 

(4) C. Zener, Phys. Rev., 36, 51 (1930). 
(5) J. C. Slater, ibid., 36, 57 (1930). 
(6) W. E. Duncanson and C. A. Coulson, Proc. Roy. Soc. Edin

burgh, A62, 37 (1944). 
(7) (a) K. Ruedenberg, J. Chem. Phys., 34, 1907 (1961); (b) P. G. 

Lykos and R. G. Parr, ibid., 28, 361 (1958). 
(8) T. Murai, Progr. Theoret. Phys. (Kyoto), 7, 345 (1952). 
(9) A. JuIg, /. Chim. Phys., 55, 413 (1958). 
(10) (a) E. T. Stewart, J. Chem. Soc, 70 (1959); Proc. Phys. Soc. 

(London), 75, 220 (1960); (b) H. Shull and F. O. Ellison, /. Chem. 
Phys., 19, 1215 (1951). 

(11) K. Ohno and T. Itoh, ibid., 22, 1267 (1954). 
(12) H. Cambron-Bruderlein and C. Sandorfy, Theoret. Chim. Acta, 

3, 267 (1965). 
(13) H. Sponer and P. O. Lowdin, J. Phys. Radium, 15, 607 (1954). 
(14) C. C. J. Roothaan and R. G. Parr, J. Chem. Phys., 17, 1001 

(1949). 
(15) R. G. Parr, D. P. Craig, and I. G. Ross, ibid., 18, 1561 (1950). 
(16) J. W. Moskowitz and M. P. Barnett, ibid., 39, 1557 (1963). 
(17) J. Koutecky, J. Cizek, J. Dubsky, and K. Hlavaty, Theoret. 

Chim. Acta, 2, 462 (1964). 
(18) P. G. Lykos and R. G. Parr,/. Chem. Phys., 24, 1166 (1956). 
(19) H. Eyring, J. Walter, and G. E. Kimball, "Quantum Chemistry," 

John Wiley and Sons, Inc., New York, N. Y., 1944. 
(20) C. C. J. Roothaan, Rev. Mod. Phys., 23, 69 (1951). 

Invoking the zero-differential overlap approximation21 

for both o- and w orbitals, we write the energy expression 
for the molecule and, in the spirit of the valence state 
model,22,23 keep only those integrals involving a single 
carbon atom. This procedure yields the following ex
pression for the valence-state energy. 

£cvs-AHc-gs = Ec* + a + 7 47 (D 
where 

Ec- = 2/ l s + / l s l s + 3/„ + 3JriCl - ViK^1 + 
6/is.r, — 3/T151T1 (2) 

« = hpir + 2 / l 5 . 2 p r — Knap* + 3/2P10-J — 3IlK2PxV1 (3) 

7 = -Aprfp, (4) 

and where I4, = {<j>\ - V2V2 - (6/V)!</>), J^1 = (0i</>2|-
(Mru)\4>ifa), K^1 = (0!021(1//-X2)I^1), and o-j are sp2-
hybrid a orbitals. Note especially that the 1Ia in 
eq 1, which does not appear in previous discussions of 
carbon valence states,24 is brought in by the molecular-
orbital description of the ir electrons. 

The 2p7r-AO's obtained by minimizing26 EcVS-AHC-6S 
using three progressively more flexible bases are sum
marized in Table I. These theoretical valence-state 
orbitals26 contrast strikingly with those obtained from 
consideration of the atomic carbon ground state.4-5'13 

The effective nuclear charge, Z = 2.59 (Z = 2f) 
of the basis I 2px orbital is considerably lower than 
3.18. The lowest value of 7 (= 12.38 ev) obtained with 
the most flexible basis III is considerably closer to the 
experimental values27-31 (~11 ev) than are the previous 
theoretical values of 16.9332 or 15.71 ev.33 

(21) R. G. Parr, /. Chem. Phys., 20, 1499 (1952). 
(22) J. H. Van Vleck, ibid., 2, 20 (1934). 
(23) R. S. Mulliken, ibid., 2, 782 (1934). 
(24) M. K. Orloffand O. Sinanoglu, ibid., 43, 49 (1965). 
(25) Minimization of £Cy3-ure-gs was accomplished by the method 

ofH. W. Joy, L. J. Schaad, and G. S. Handler, ibid., 41, 2026 (1964). 
(26) The results described here differ considerably from those of K. 

Ohno, Theoret. Chim. Acta, 2, 219 (1964). Although Ohno's valence-
state species are not appropriate for alternant hydrocarbon ground 
states (see also ref 34), it is also uncertain as to how Ohno performed his 
calculations; the energy expression he minimized is not given. 

(27) R. Pariser, /. Chem. Phys., 21, 568 (1953). 
(28) R. Pariser, ibid., 24, 250 (1956). 
(29) N. Mataga and K. Nishimoto, Z. Physik. Chem. (Frankfurt), 

13, 140 (1957). 
(30) G. Pilcher and H. A. Skinner, J. Inorg. Nucl. Chem., 24, 937 

(1962). 
(31) J. Hinze and H. H. Jaffe, J. Am. Chem. Soc, 84, 540 (1962). 
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The closer agreement of 7theor with 7expti suggests that 
the nonempirical approach might be more successful 
using a valence-state AO. Moreover, the AO obtained 
by minimizing a valence-state energy should3 on 
theoretical grounds be more appropriate for calculations 
of molecular properties (not only energy) than are the 
orbitals obtained by minimizing the 3P ground-state 
energy of the carbon atom. 

In a future paper34 we shall present a detailed the
oretical and computational discussion of the valence 
state appearing in eq 1, its extension to r-electron 
excited states (including the associated changes in the 
a- and 7r-AO's), and the effect of inclusion of molecular-
orbital character in the c-eiectron wave function. 
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(32) Computed using hydrogen-like orbital with Z = 3.18. 
(33) Computed using 3P carbon Hartree-Fock AO of E. dementi, 

C. C. J. Roothaan, and M. Yoshimine, Phys. Rev., 127, 1618 (1961). 
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Intermediates in the Conversion ir- to cr-Allylic 
Complexes of Palladium 

Sir: 

The temperature dependence of the nmr spectra of 
7r-allylic complexes of palladium provides evidence and 
clarification of intermediates1 in the conversion of T- to 
o--allylic complexes. 

The temperature dependence of the 60-Mc/sec nmr 
spectrum of crotylpalladium(II) chloride in solution in 
CDCl3, to which has been added 3 moles of DMSO-J6/ 
mole of Pd (20% DMSO-J6 in CDCl3), is shown in 
Figure 1, and the parameters for the low-temperature 
species ( — 20°) and the high-temperature species (80°) 
are listed in Table I. The spectrum of the low-tempera
ture species indicates that the complex is in the ir-
allylic form with the resonances at T 5.90 and 6.90 
corresponding to the cis and trans protons b and c. 
Although all of the resonances are slightly affected by an 
increase in temperature, the cis and trans protons 
converge. The spectra clearly rule out the allylic 
rearrangement possible for symmetrical species2 since 
this would necessitate the averaging of proton d also, 
and this does not occur over the temperature range 

(1) J. Powell, S. D. Robinson, and B. L. Shaw, Chem. Commun. 
(London), 78 (1965). 

(2) J. C. W. Chien and H. C. Dehm, Chem. Ind. (London), 745 
(1961). 
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Figure 1. Temperature dependence of the nmr spectrum of crotyl-
palladium(Il) chloride in a 20 % DMSCW6-CDCl3 solution. 

covered. The most likely process appears to be a x 
to cr equilibration 

Hx CH3 
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"Pd C-H 
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H CH3 

C. 
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CH2 

which is similar to the conversion postulated by Shaw and 
co-workers1 for methallylpalladium(II) chloride upon 
addition of triphenylphosphine. 

The temperature dependence of the 100-Mc/sec 
spectrum of this latter complex [CH2C(CH3)CH2Pd-
(Ph3P)Cl] in CDCl3 is shown in Figure 2, and the nmr 

Figure 2. Temperature dependence of the nmr spectrum of the tri
phenylphosphine adduct of methallylpalladium(II) chloride in solu
tion in CDCl3. 

parameters for the equilibrating species are listed in 
Table I. The resonances centered at T 7.19 were pre
viously interpreted as corresponding to methylene pro-
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