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carbon, and nitrogen constants in all the compounds 
considered. We are not able to report the results for 
some other nitrile anions studied experimentally (such as 
tetracyanoethylene) because of convergence difficulties 
with the calculations. The experimental data on nitro­
benzene and dinitrobenzene anions are also fairly well 
reproduced. It is particularly interesting that the sharp 
drop in the nitrogen hyperfine constant from nitro­
benzene to ^-dinitrobenzene is accounted for. The 
standard model for all these compounds is planar, so 
this effect can be interpreted without appealing to non-
planarity at the nitrogen atoms as proposed by Symons.20 

The calculations on w-dinitrobenzene suggest that the 
assignment of the two- and five-proton hyperfine con­
stants by Maki and Geske21 may be incorrect. 

The results for quinones are less satisfactory. Cal­
culated proton hyperfine constants for hydrogens in p-
benzosemiquinone ion are less than experimental 
values as are those of the corresponding protons (2, 3) 
in 1,4-naphthosemiquinone.22 Fairly large negative 
carbon constants are predicted for the carbon atoms in 
the carbonyl groups, but only a small value is found 
experimentally in />-benzosemiquinone.23 

The fluorine isotropic hyperfine coupling constants 
are generally well reproduced with the notable exception 
of the two fluoroacetamide radicals, which are calcu­
lated to be much lower than the observed values.24,25 

(20) M. C. R. Symons, Advan. Phys. Org. Chem., 1, 283 (1963). 
(21) A. H. Maki and D. Geske, J. Chem. Phys., 33, 825 (1960). 
(22) G. Vincow and G. K. Fraenkel, ibid., 34, 1333 (1961). 
(23) M. R. Das and B. Venkataraman, Bull. Coll. Amp. Eindhoven, 

21 (1962). 
(24) R. J. Cook, J. R. Rowlands, and C. H. Whiffen, MoI. Phys., 7, 

31 (1963). 
(25) R. J. Lontz and W. Gordy, J. Chem. Phys., 37, 1357 (1962). 

The applicability of the free-electron, or particle in a 
box, model to the discussion of the electronic 

spectra of a series of polyene ions has been amply 
demonstrated in the literature.1 Recently Sorensen2 

reported both the electronic and the nmr spectra of a 
series of polyenylic ions and discussed the results in 
terms of phenomenological equations. The linear 
relation given by Sorensen for the electronic spectra 
can be readily obtained using free-electron theory and a 
single empirical parameter. The results of the cal­
culations for the electronic spectra can then be used to 

(1) For a review see R. Piatt, et al., "Free Electron Theory of Conju­
gated Molecules," John Wiley and Sons, Inc., New York, N. Y., 1964. 

(2) T. S. Sorenson, J. Am. Chem. Soc, 87, 5080 (1965). 

Although these radicals are thought to be planar in the 
crystal, the fluorine coupling constants observed for the 
monofluoro and difluoro species are quite comparable 
to those observed for fluoromethyl and difluoromethyl 
radicals, respectively, and the latter are almost certainly 
nonplanar.11 Thus the planar model B geometry may 
be an inappropriate choice for these molecules. Further 
study of these molecules is being undertaken and the 
results will be reported in a subsequent publication. 

Conclusions 

On the basis of the agreement between calculated 
and observed hyperfine coupling constants listed in 
Tables III-VI, we conclude that spin-unrestricted 
molecular orbital calculations carried out with the 
INDO approximations for atomic and molecular inte­
grals are quite capable of accommodating isotropic 
hyperfine coupling phenomena in polyatomic molecules. 
Calculations on this level of approximation should be 
useful in providing a basis for the assignment of posi­
tions and signs of hyperfine coupling constants when 
used in close conjunction with the available experimental 
data. To facilitate applications of this sort, the authors 
are making copies of the FORTRAN-63 computer program 
used in these calculations available through the Quan­
tum Chemistry Program Exchange.26 It also seems 
likely that wave functions of this type could be used to 
calculate and interpret anisotropic hyperfine coupling 
constants, g tensors, and other features of the electronic 
structure of free radicals. 

(26) Quantum Chemistry Program Exchange, Indiana University, 
Bloomington, Ind. 

predict the chemical shift of the nmr spectra. Although 
the correlation of electronic spectra is not surprising, 
the correlation of the chemical shift by free-electron 
theory has not been reported. 

The Electronic Spectra 

The polyenylic-ion series discussed may be repre­
sented by 

[(CHa^C^CHCCH^CH^-^QCKWj]+ 

The energy levels are given by the particle in a box 
treatment as En = m2h2l8mea

2, where a, the length of 
the box, depends on «c, the number of carbons in the 
ir-electron system, and on the semiempirical pa-
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Figure 1. Free-electron model of polyene. 
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Figure 2. vs. length of polyene chain. 

rameter p, the penetration beyond the terminal carbons 
of the conjugated system. 

Sorensen reports that application of free-electron 
theory to the electronic spectra requires a to be "too 
small to be realistic" when it is written as a = lc(nc — 

I) + 2p, where /c is the average bond length, about 1.4 
A, and p is taken constant for the series. Hence, in 
this work the polyenylic ion is taken (Figure 1) as a bent 
chain in the a\\-trans conformation3 with all C-C bond 
lengths the same and the extent of the box, a, as 

a = [/c(cos 30°)(«c - I)] + 2p 

The value of I0 is taken as 1.4 A and the penetration, 
p, is obtained from \ m a x observed for one of the poly­
enylic ions in the series. This value of p can then be 
used to predict Xmax for the remaining members of the 
series. The values calculated fox p = 1.4 A (obtained 
from Xmax for n = 4) are plotted along with the ex­
perimental values in Figure 2. As Figure 2 indicates, 
this free-electron model can correlate Xmax with n. 

Charge Densities 

The number of T electrons in the polyenylic ion 
above is 2(n — 1). Hence, the first (n — 1) orbitals 
will each be doubly occupied. Using the particle in a 
box eigenfunctions 

/2Y / J • rntrx \}/m = ( - J sin 

the electron density in any region of the chain between 
points b and c is 

P ^ = 2"E P W dx = 2J2 (?) P sin* ^ ? dx 

The 7r-electron density, pr> to be associated with carbon 
Cr will then be p6,c where b and c are the points on 
either side of the carbon Cr. 

(3) There is some evidence, but no conclusive proof, for this assump­
tion: T. S. Sorensen, private communication. 

Journal of the American Chemical Society / 90:16 / July 31, 1968 



4211 

Two such regions are noted in Figure 1. Region 2 
extends from the midpoint of the Q-C 2 bond to the 
midpoint of the C2-C3 bond. However, the end 
regions, as exemplified by region 1, extend from the 
midpoint of the Q-C 2 bond to the end of the "box." 
This difference between the end regions and the others 
must be kept in mind when considering relative elec­
tron densities. The values of the positive charge, 
pT

+ = 1 — pr for each carbon r of the first five members 
of the series are given in Table I. 

Table I. Excess Positive Charge Associated with the 
Carbon Centers 

In Figure 3 the positive charge on carbons 1, 2, and 
3 are plotted against \\n. In the case of the first and 
third carbons, the plots are well represented as the 
straight lines 

Pi+ = +1.25 
ni 

G) + 1 .101- )+*; 

(1) 

(2) 

The charge on the second carbon exhibits marked 
curvature if the lower values of n are included but for 
larger values of n is approximated by the straight line 

P2 = +0.m(-J+h (3) 

Applications to Nmr 

The position of the nmr signal depends upon the 
electron density on the carbon to which the proton is 
bonded and is found to change as the length of the 
polyenylic ion changes. Sorensen reports a set of r 
values for the protons on each of three carbons in the 
series. The values may be described by the following 
equations 

^methyl proton = — 3 . 5 3 1 - 1 + Ci (4) 

T 2 -2.020 + C2 

r3 = -12 .8 - + C3 

(5) 

(6) 

Combining the appropriate empirical relation for 
T, e.g., eq 6, and the pertinent theoretical relation for 
P+, e.g., eq 2, yields the equation giving the relation be­
tween T and p+ directly as 

Tz = — 11.6p3+ + K3 for carbon 3 

Similarly 

T2 = — 11.4p2
+ + Ki for carbon 2 

(7) 

(8) 

o.lo' 

Car-
bo-

nium 

n 

2 
3 
4 
5 
6 

1 

0.4422 
0.238 
0.134 
0.071 
0.028 

2 

0.116 
0.096 
0.085 
0.078 
0.073 

3 

0.332 
0.245 
0.191 
0.154 

i r 
4 

0.072 
0.061 
0.056 

5 

0.199 
0.164 

6 

0.051 

S 
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\ 
e 
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Figure 3. Charge density as a function of ion length. 

These last two equations suggest a proportionality for 
the chemical shift of approximately 11.5 ppm per unit 
charge. 

The change in the chemical shift of the methyl protons 
is taken as depending upon the charge density on carbon 
1, to which the methyl group is attached. Combining 
eq 1 and 4 yields 

Tmethyl proton _ - 2 . O p 1
+ + K\ (9) 

Equation 9 suggests a 2.8-ppm shift per unit of charge 
density. This compares with the literature values of 
3.27 or 4.25.^ 

Discussion 

The preceding section and that on Electronic Spectra 
would indicate that this rather simple particle in a box 
model for a series of polyenylic ions allows correlation 
not only of the uv spectra but also the nmr results. 
The proportionality constants of the nmr chemical 
shift per unit charge support those given in the liter­
ature. Further the approximate alternation of charge 
density on the carbon center assumed by Sorensen is 
indeed exhibited by the data of Table I. 

In Sorensen's phenomenological treatment a pa­
rameter e to be associated with excess positive charge on 
the methyl groups was introduced. His experimental 
evidence indicated that e decreased with increasing n. 
The present model predicts an excess negative charge 
due to the w electrons in the region of the molecule 
from one-half bond length beyond C t to the end of the 
box, which is in the same region as e. Calling the excess 

(4) T. J. Katz and E. H. Gold, J. Am. Chem. Soc, 86, 1600 (1964). 
(5) C. MacLean and E. L. Mackor, MoI. Phys., 4, 241 (1961). 
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Table H. Negative Charge Associated with Methyl Groups 

N 2 3 4 5 6 
«' 0.046 0.072 0.086 0.096 0.104 

electron density e', Table II gives the values of e' for 
several ions in the series. The trend of the negative 
charge, e', increasing with n would result in the positive 

Electron spin resonance (esr) is proving to be an ex­
tremely useful technique for detecting and identify­

ing free-radical intermediates in chemical reactions. 
From a knowledge of the starting materials, reaction 
products, and analyses of hyperfine spectra, one can infer 
chemical structures for the radical intermediates. This 
approach has been successfully applied to mechanism 
studies of a number of chemical reactions including olefin 
additions,28, the pyrolysis of diazonium salts,2b and the 
photolysis of alcohols and ketones.3 In this paper we 
describe the application of esr to the study of the 
radical intermediates formed during the thermal de­
composition of aliphatic diazo compounds. 

The pyrolysis of diazo compounds is known to pro­
duce divalent carbon (carbene) intermediates, the 
nature and reactivity of which have been the subject of 
a large number of investigations.4-10 Much of the 
interest has centered on the distinction between the two 
possible electronic ground-state configurations of 
divalent carbon species, the singlet and the triplet 
state. Esr experiments on several diazo compounds 
photolyzed at low temperatures have proven the 

(1) This research was sponsored in part by the Research and Tech­
nology Division, Air Force Systems Command, U. S. Air Force. 

(2) (a) P.I. AbellandL. H. Piette,/./*m. Chem. Soc, 84,916(1962); 
(b) R. A. Abramovitch, W. A. Hymers, J. B. Rajan, and R. Wilson, 
Tetrahedron Letters, 1507 (1963). 

(3) H. Zeldes and R. Livingston, J. Chem. Phys., 45, 1946 (1966). 
(4) H. Staudinger and O. Kupfer, Chem. Ber., 44, 2197 (1911); 45, 

501 (1912). 
(5) For example, R. M. Etter, H. S. Skovronek, and P. S. Skell, 

/ . Am. Chem. Soc, 81, 1008 (1959). 
(6) J. Hine and J. M. van der Veen, ibid., 81, 6446 (1959). 
(7) H. Reimlinger, Chem. Ber., 97, 3493 (1964). 
(8) W. von E. Doering, R. G. Buttery, R. G. Laughlin, and N. Chaud-

huri, / . Am. Chem. Soc., 78, 3224 (1956). 
(9) H. M. Frey and G. B. Kistiakowsky, ibid., 79, 6373 (1957). 
(10) P. P. Gaspar and G. S. Hammond, "Carbene Chemistry," 

W. Kirmse, Ed., Academic Press Inc., New York, N. Y., 1964, p 235. 

charge in this region decreasing with n, supporting 
Sorensen's observation. 
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existence of stable triplet-state carbenes,11'12 which 
would be expected to undergo radical or biradical 
reactions.13,14 The radical-like behavior of carbenes 
has been proposed for addition,6'15'16 insertion,17 

and rearrangement18 reactions. 
We have studied the esr of the doublet-state radical 

intermediates formed during the thermal decomposition 
of a number of diazo compounds in inert liquid solvents. 
The compounds selected were those for which aromatic 
substituents would tend to stabilize any radical inter­
mediates. The results of our studies for diphenyldi-
azomethanes, diazofluorene, azibenzil, diazoacenaph-
thenone, and diazophenanthrone show that in all 
cases, stable free-radical intermediates are produced in 
the decomposition process. The structures of these 
radical intermediates have been inferred by analysis of 
the esr spectra and related, where possible, to the final 
products of decomposition. 

Experimental Procedure 
Preparation of Diazo Compounds. Diphenyldiazomethane, 

diazofluorene, azibenzil, and substituted diphenyldiazomethanes 
were prepared by oxidation of the corresponding hydrazones with 
HgO.19 The hydrazones were prepared from the respective ketones 

(11) R. W. Brandon, G. L. Closs, and C. A. Hutchison, J. Chem. 
Phys., 37, 1878 (1962). 

(12) R. W. Murray, A. M. Trozzolo, E. Wasserman, and W. A. 
Yager, / . Am. Chem. Soc, 84, 3213 (1962). 

(13) W. Kirmse, Progr. Org. Chem., 6, 202 (1964). 
(14) P. S. Skell and A. Y. Garner, J. Am. Chem. Soc, 78, 5430 (1956). 
(15) W. Kirmse, L. Horner, and H. Hoffmann, Ann., 614, 19 (1958). 
(16) W. H. Urry and J. R. Eiszner, / . Am. Chem. Soc, 73, 2977 

(1951). 
(17) D. B, Richardson, M. C. Simmons, and I. Dvoretzky, ibid., 82, 

5001 (1960); 83, 1934(1961). 
(18) J. E. Leffler, "The Reactive Intermediates of Organic Chemistry," 

Interscience Publishers, Inc., New York, N. Y., 1956, p 45. 
(19) C. D. Nenitzescu and E. Solomonica, "Organic Syntheses," 

Coll. Vol. II, John Wiley and Sons, Inc., New York, N. Y., 1943, p 496. 
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Abstract: Electron spin resonance (esr) spectra have been obtained for the stable free-radical intermediates 
formed during the thermal decomposition of a number of aliphatic diazo compounds. Analyses of the esr hyper­
fine spectra determined for pyrolyzed diphenyldiazomethanes, diazofluorene, azibenzil, diazoacenaphthenone, and 
diazophenanthrone show that these intermediates are biradicals or biradical polymers resulting from the secondary 
reaction of an initially formed carbene. The formation of stable biradicals from these diazo compounds is evidence 
for the triplet-state nature of their carbene intermediates. 
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