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Ah&act-Application ofour method ofpredicting aromaticityj shows that the behavior ofthc annulenones 
is intermediate between that of the fulvena (a nonaromatic series) and the annulenes (a series with strong 
alternation between aromatic and antiaromatic). 

WE HAVE recently shown that a new treatment of the simple HMO results of conju- 
gated hydrocarbons allows the prediction of aromaticities which correlate extremely 
well with the experimental properties of both altemant and nonaltemant hydrocar- 
carbons.’ Here we extend our approach to cyclic systems containing heteroatoms 
and calculate resonance energies of the annulenones (1),2 a series of considerable 
recent interesL2 - lo 

Evaluation of hb and kc=, 
Application of the simple HMO method to conjugated systems which contain 

heteroatoms requires appropriate changes in the coulomb and the resonance integ- 
rals. Equations 1 and 2 indicate how these changes are normally made. Although 
there are a number of values of&j and kc=, available from previous 

“6 =a,+hig (1) 

B C=O = k,=,,b (2) 

work,l’ the majority of these for the carbonyl oxygen were determined using the 
eigenvectors and/or excited state properties. Since resonance energies are a ground 
state property and arise from the eigenvalues, we sought a method for the determina- 
tion of h;, and kc= O which would be based on a ground state property and would make 
use of the eigenvalues rather than the eigenvectors. 

* Resented in part at the 23rd Southeastern Regional Meeting of the American Chemical Society, 
Nashville, Tennessee, November 4-5, 1971. 

t NASA Trainee. 1970-71. 
$ B. A. Hess, Jr., and L. J. Schaad, J. Am. Chem. Sot. 93. 305. (1971). 
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Our recent success in the calculation of heats of atomization, AH,, of conjugated 
hydrocarbons using only the simple HMO method” indicated that these might be a 
suitable ground state property for the evaluation of ho and k,,,. Equation 3 was 
used to calculate hydrocarbon heats of atomizationr2 

AH, = - (nccEc, + ncHEcH + P - j?) (3) 

where n is the number and E is the energy of the indicated bond and P - j? is the II- 
binding energy. The values of E,, E,, and /I were determined using equation 3 and 
the observed heats of atomization for a series of conjugated cyclic hydrocarbons 
utilizing the least squares method. The values obtained for E, E, and /? were 
- 348543 eV, - 4.27606 eV and - 1.33077 eV, respectively.* 

A similar treatment of carbonyl compounds requires an additional bond energy 
term, EC=, (Eq 4). Ten compounds were chosen (Table 1) for 

AH, = - (%‘%c + n&u + nc=oEc,o + P*B) 

which thermodynamic data were available13 and their AHa’s fitted to Eq 4 by the 
least squares method. The previously obtained E, and Em values were used. Unlike 
the hydrocarbon case (Eq 3), the n-binding energy, P.8, can be varied by variation 
of ho and kc= o’ This was done in a systematic manner until a minimum for the square 
root of the sum of squares of the differences between the observed and calculated 
AH,‘s (0) was found. Unlike the cases of the amine nitrogen and the ether oxygen14 an 
overall minimum of e was found using the Pattern Search technique.r5 

TABLE 1. Hurs OF ATOMIZATION OF CONJUGATED COMPOUNDS CONTAINING CARBONYL OXYOEN 

Compound 

Heat of Atomization 

eV (25”) 
Observed Calculated Error 

Formaldehyde 

Glyoxal 
Bcnzaldehyde 
pBenzoquinone 

Benzophenone 
Benzil 

l+Naphthoquinone 
9.10-Anthroquinone 
5,12-Tetracenequinone 
Tropone 

15.65 15.60 0.05 
26.14 2678 -004 
68.5 1 68.50 001 
60.04 a15 -@ll 

121.10 121.36 -026 
132.32 13248 -@16 
94.15 9407 @OS 

128.21 12799 0.22 
161.81 161.70 014 
67.98’ 68.02 -004 

’ Ref. 22, corrected for strain as in ref. 12. 

The values of the parameters at the minimum cr were ho = 022 and k,,, = 099. 
These values were used in all subsequent calculations. The value of /I was - 1.3518 eV 
and EC= o was - 1.32997 eV. We note here that this treatment of heats of atomization 
when carried out without tropone gave approximately the same error at the minimum 
c but quite different values of ho and k, = o as well as a poor value of the.heat of atomi- 

l These values differ slightly from those previously obtained” as revised values” for AH, were used. 
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ration of tropone. This may be due to the lack of a really sufficiently wide and varied 
number of compounds. Hence, we note the desirability of additional thermodynamic 
data on conjugated carbonyl compounds to check further this method of obtaining 
the heteroatom parameters. 

Evaluation of empirical carbonyl bond energy 
To obtain resonance energies of the annulenones an empirical localized IL bond 

energy for the carbonyl bond, E&,, is required. Once I$=, is obtained, then the 
localized x-binding energies of the cyclic compounds can be obtained using equation 
5 where ni, and E; are the number of and n-bond energy of the 0 carbon-carbon 

Localized x-binding energy = nc _ OE,!J = o + CnijE,“j (5) 

type.’ E,!&, was evaluated by a least squares fit of the HMO n-binding energies of 
the nine acyclics 2-10 (obtained with ho = 0.22 and kc=, = 0.99) to Eq 5. The values 
of E,; previously obtained’ were used and E,‘J=, was found to be 1.99658. 

6 

2-J= 
7 

\ 

v 
0 

8 

In Table 2 are listed the Hiickel It-binding energies, additive n-energies (from Eq 5) 
and the differences between the two for compounds 2-10. Note the very small 
differences between the Hiickel and additive energies for the nine compounds. This 
indicates the Htickel n-binding energies of the acyclics 2-10 are indeed additive as 
were the acyclic conjugated hydrocarbons.‘” 
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TABLE 2. n ENERGY IN UNITS OF 4 OF ACYCLIC K~NIS 2-10 

Compound Hiickel Additive’ Dif 
Dif/n electron 

(REPE) 

2 6901 6869 

3 9413 940s 
4 11.924 11.941 

5 14452 14.476 

6 16.981 17.013 

I 9333 9.305 

8 11.764 11.740 

9 14361 14.344 

10 16853 16.888 

O-032 
OQO8 

-0017 

- OQ24 
-0032 

028 
W24 

0.017 
- 0027 

ooo5 

Qool 
-02 

-0QO2 
- @002 

QCUM 

,0-002 
0.001 

- 0002 

’ n energy calculated in an additive manner using the eight values of C-C n energies in Table 1 of ref. la 

and E& 

7he annulerwnes 
xJBinding energies (with h;, = 0.22 and k, = o = 099) were calculated for the nine 

annulenones (1, n = l-9). The localized or additive n-binding energies were also 
obtained using the C4Z empirical bond energies in Table 1 of Ref la, E; = o, and Eq 5. 
The difference between these two energies is the resonance energy. These results and 
resonance energy per II electron are listed in Table 3 for the annulenones. 

TABLE 3. REWNANCE ENRRGIHE IN UNITS OF fl OF THEY ANNULENONES 

?I Hiickel Additive RE REPE 

1 5065 4.939 0.126 0032 
2 7.381 7.475 -0Q94 -0.016 

3 10064 10.011 0053 0.007 
4 12.476 12.546 -w70 - oGO7 
5 15.125 15.082 043 OQM 

6 17.573 17.618 -0045 -0+03 
7 20.202 20154 0.048 0.003 
8 22.669 22.690 -0.021 -0001 
9 25.284 25.226 0058 OGO3 

Most noteworthy of the results in Table 3 is that only the first two members of the 
series, cyclopropenone and cyclopentadienone, have resonance energies which are 
greatly different from zero (nonaromatic). Cyclopropenone is predicted to be aro- 
matic. Breslow’s recent synthesis of cyclopropenone and its high degree of stability 
relative to that or cyc10propanone3 are indeed suggestive of its aromatic stabilization. 
On the other hand cyclopentadienone is predicted to be antiaromatic in agreement 
with its well established behavior. Until recently it had never been prepared and iso- 
lated in its monomeric form.4*6 Its stability appears to be even less than might be 
expected of a nonaromatic compound since its dimer, dicyclopentadienone does not 
crack thermally to give cyclopentadienone but loses carbon monoxide instead. The 
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failure of dicyclopentadienone to crack thermally may be contrasted to the similar 
dicyclotentadiene which does crack readily at a temperature well below that required 
for thermal expulsion of carbon monoxide in dicyclopentadienone.i6 The recent 
synthesis of cyclopentadienone has added further evidence of its high instability 
since, although it is stable indefinitely at - 196”, it undergoes dimerization below 
- 80”.9 Hence both our calculations and the above experimental evidence are indica- 
tive of cyclopentadienone’s antiaromaticity. 

The degree of aromaticity of the next member in the series, tropone, has been con- 
troversial over the years. Earlier workers expected it to be aromatic, but recent ex- 
perimental evidence”, ‘* suggests that tropone is polyene- or polyenone-like in its 
behavior. After an examination of the dipole moment, bond lengths and proton 
coupling constants of this molecule, Bertelli et al.‘* concluded, “that the dipolar 
character of tropone has been greatly overestimated and that tropone exhibits proper- 
ties closely resembling those of a polyenone.” This is in agreement with our computed 
REPE of 0.007 @ which indicates that it is essentially polyens or polyenone-like in its 
behavior. It should have only a very small degree of aromatic stabilization, or stating 
it in another way, tropone lies in the borderline region between nonaromatic and 
aromatic. It is perhaps this borderline nature of tropone which has led to the con- 
troversy over its aromaticity. That is, it displays some properties which are indicative 
of a nonaromatic compound, for example bond length alternation, and others which 
are indicative of an aromatic compound, for example its inability to form a 2,4- 
dinitrophenylhydrazone. Dewar and Bertelli have found tropone to be nonaromatic 
by more complex methods of calculation.7* l9 The remainder of the series (Table 3) 
are all predicted to be polyenone-like in their behaviour. 

The behaviour of the annulenones appears to IX intermediate between the two 
related monocyclic series, the annulenes and the fulvenes (11). Fulvencs, the hydro- 
carbon analogues of the annulenones show no alternation between aromatic and 

nonaromatic whereas the annulenes show a high degree of alternation with the con- 
vergence to nonaromaticity coming considerably later in the series than in the 
annulenones (Fig 1). The limiting REPE of the annulenes may be found by summing 
the closed form for orbital energS over filled orbitals using Gradshteyn and 
Ryzhik’s’ formula 1.342.2. Taking the limit as the number of C atoms increases gives. 
in the notation of Ref 1, REPE = 4/x - j(E& + ET,) = 00053/I. 

Finally, some comment should be made about the expected accuracy of our pre- 
dictions. For unstrained hydrocarbons we have show-n” REPE to be accurate to 
+ @004 /I. We cannot be certain that the REPE’s for the oxygen containing compounds 
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FIG 1. Resonance energies pe-r n electron (REPE) in units of fl of the annulenes (a), annule- 
nones (0) and fulvenes 0) us the number of the r electrons. 

of the present paper are that good. The average error in the computed heats of atomi- 
zation in Table 1 is 2.6 kcal/mole. The accuracy of the experimental heats of atomiza- 
tion is of this magnitude so that we do not know whether the discrepancy is due to 
experimental error or to failure of the Hiickel computations. Note that this average 
error in computed heat of atomization by our simple method is very nearly the same 
as Dewar’s error of 2.5 kcal/mole for oxygen compounds (Table VII of Ref 7) using 
more elaborate methods. In either case the error is large compared to our computed 
annulenone resonance energies. For example, the total resonance energy of cyclo- 
propenone is 3.9 kcal/mole. We might hope that a part of the error would cancel in 
taking the difference in energy between a molecule and its reference structure and that 
therefore resonance energies would have great accuracy than heats of atomization. 
We cannot be sure that this is so, but the agreement between predicted and observed 
properties discussed above seems to support our expectation. 
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