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Abatxact-The electronic spectrum of acetophenone has been calculated by a VESCF modification of 
the Parker-Parr-Pople method, and also the spectrum for the molecule when the CO group is twisted 
30” from the plane of the aromatic ring. It is suggested that the relationship commonly used to predict 
the extinction coefhcient of the lowest energy x -+n l transition for such a system gives values for the 
angle of twist which are consistently too large. The electronic spectrum of 2,3-butanedione has been 
calculated as a function of the dihedral angle between the CO groups by the same method. The effect of 
including in the configuration interaction treatment only singlyexcited configurations, singlyexcited 
plus doubly-excited configurations, and singly-excited plus doubly-excited plus triply-excited configura- 
tions was investigated. The electronic spectra of some S, y-unsaturated carbonyl compounds have also 
been studied. 

INTRODUCTION 

IN PREVIOUS papers3- 6 we discussed the development of a Variable Electronegativity 
Self-Consistent Field (VESCF) Method,’ and its application to the calculation of the 
electronic spectra of unsaturated hydrocarbons. The method was also extended to 
unsaturated ketones.* 

For x + x+ transitions, the calculated values were ordinarily within about 0.3 eV 
of the experimentally observed quantities, and the oscillator strengths were usually 
correct to within a factor of 2. 

The present work is concerned with extending these calculations to more compli- 
cated systems such as acetophenone and 2,3-butanedione, and also to an examination 
of the usefullness of such calculations for non-planar systems. 

The method involves at the outset a separation of the x and o components of the 
molecule. The details of the cr part of the molecule am used to assign numerical values 
to various core integrals, but it is not subsequently explicitly considered. This simpli- 
fication was quite traditional until the last few years, and it clearly proves to be quite 
satisfactory for planar systems. For non-planar systems, the adequacy of the method 
will depend upon the degree of mixing of the u and II components of the molecule. 
In principle. such mixing will occur, but whether this mixing will be sufficiently 
serious as to render invalid the results determined by calculation on the R system alone 
is not yet clear. There is a fair amount of experimental data availabk for non-planar 
systems, and studies on some of these kinds of systems will be described here. Ob- 
viously, an approach that would be better in principle would be to use an all-valence 

l To whom all inquiries should be addressed. 
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electron calculation, of which several varieties are now available.’ Such calculations 
have so far been applied with a reasonably high degree of success to the calculation of 
ground state properties of molecules, but spectroscopic calculations utilizing this 
approach”’ have thus far been quite preliminary compared to what has been done with 
planar x systems. 

A simple chromophore which we lirst selected for study was the l&lione. Mole 
cuks of this type in general tend to be fairly enolic, and the spectrum of the en01 is 
quite intense and interferes with the spectrum of the diketone itself. Leonard and 
Mader” synthesixed a series of adiketones of the type I, and determined their 

ultraviolet absorption spectra These compounds cannot enolixe, and hence the 
spectra which they observed are those of the pun dionea By allowing n to assume 
different values, a series of compounds (,I) was generated in which the carbonyl groups 
were at various angles to one another. The absorption wavelengths of these compounds 
in the near ultraviolet were found to be severe functions of PI, and hence of the dihedral 
angles between the carbonyls. Leonard and Mader offered the following table to 
indicate the variation of absorption wavelength with dihedral angle (‘The dihedral 
angles were estimated from models only, there being no direct experimental evidence 
concerning the actual structures of such compounds.) Their spectra also show the 

TABIJZ 1. ELECTRONIC SPBCTRA AND BSTMKTRD 
DIHEDRAL. ANOt (0) m CARBDNYU 

REPDR~ PDR CoMPDuNtx I 

8 1, mp (in ethanol) 

O-10 466’ 
O-60 380 

!IO-110 337 
lal-140” 343 
!%I)-180 MS 

100-180” 384 

‘Ihis value is that for camphor quinonc. 
The wavelength might be anomalous (unusually 
high) baxusc d the SCVCE stcrk constraints on 
the system. 

second transition at about 290 rnh regardless of the value of the dihedral angle. 
Similar studies have also been carried out by Alder et (J.12 

Analogous experimental studies have been carried out with compounds related to 
acetophenone. i3 The acetophenone molecule itself is planar. However, K the ketone 
moiety is built into a ring, such as in compounds of structure II, it is possible to force 
the carbonyl group out of the plane of the aromatic ring Again, experimental data 
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II 

on the dihedral angles between the carbonyl and the ring as a function of the sixe of n 
are not dire&y available but these angles have been estimated in various ways For 
the series of benxocyclanones, two transitions have been studied, which occur in 
acetophenone itself at 279 mp (s 1,100); and 241 ml~ (e 12,300). These am both x + x* 
transitions. The n + x? transitions are of low oscillator strength, and they am not 
observed experimentally. 

Finally, we studied tricyclo[4.2.1.03* ‘]nonan-4en-2-one (III), and its homolog 
tricyclo[4.3.1.03* 7$kcan4en-2-one. These compounds were reported’* to haw W 
spectra which were quite dilferent from one another, which seemed unexpected for 
compounds having what appear to be very similar chromophores. As a model 
compound for these studies, we also examined 3-methylenecyclobutanone. 

METHOD OF CALCULATION 

The basic method has been described previously,3d*s and is summarizd as follows : 
E_$ecctiae nuclear charge. To evaluate Zaldoti the sp’-sp’ C-C and C-O bonds 

are taken as nonpolar. For carbon, having one alkyl substituenf tbe value of 3G73 
was used, this value having been determined fiorn experimental ionization potentials 
of various radicals. For oxygen pi- and n-orbitals in planar cases, the values were 
used such that after the VIISCF treatment, the charge for oxygen narbital is greater 
by OM3 than the charge on the oxygen p-orbital. In the non-planar cases, the average 
value of the rrans and cis planar Z,, was used. Since there is no reason to require orbitals 
centered on the same atom to have the same nuclear charge, and they usually do not, 
we empirically chose this difference of OQg3 so as to fit the experimental acetone 
spectrum. 

ZO&&OPI potentials. Due to tk inductive effect of the a-system in the VESCF 
treatment, the electron den&a, about different atoms in a mokcuk in general differ 
markedly from one another and from those in the free atoma Consequently, in 
constructing the Hamiltonian one should use ionization potentials for the atoms with 
the effective nuclear charges which they have in the molecule, rather than using the 
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ionization potentials of the free atoms. The following equations relating the ionization 
potentials and effective nuclear charges were used : 

I,-(Z) = ONO9Z’ + 54861 Z - 15.1718 (1) 

I&Z) = -0575 Z2 + 18.7475 Z - 56.1872 (2) 

I&Z) = -0511 Z2 + 17.587 Z - 55.925 (3) 

Resonunce integrals. The resonance integrals were evaluated between all orbitals 
of the pi-system. When the overlap integrals (S) has a value equal to or greater than 
014. Mulliken’s formula was used : 

p = p (4 + 1,) &,/U + &,I 
u 0 2zoso/u + So) 

where PO = -2.5 ev, IO = 852893 ev and So = 032818. When S was smaller than 
O-14, S,,/( 1 + $3 is replaced by a polynomial: and pi, becomes : 

BOU, + ‘,I (1 + So) 

2 SOlO 
(44,095 S’ + 15,084 S4 + 1,785 S3 - 804 S2 + 1.6 S) (5) 

since the b us distance function is empirical anyway, the polynomial was used so that 
the value of p was not as high as distances between l-8-2*8A as it would have been if 
the Mulliken relation were used. 

One-center repulsion integrals. Tbe one-center repulsion integrals (r,J in ordinary 
SCF treatments are obtained from atomic spectral dataI as the difference between 
the valence-state ionization potential and the electron affinity. Since the theoretical 
one-center repulsion integrals are proportional to the effective charge Z, and since 
the atomic spectral value G corresponds to a Slater Charge Z, the onecenter repul- 
sion integral is corrected by a factor of Z,/Z. : 

r11 = wvzJ (6) 

The starting values for Tlr are tabulated in Table 2. 

Tmle 2. ONE-CENTER REPULSION lNlEoRALS FOR VARIOUS 

CHARGI3 

Orbital Z rr, 

Cd 3a73 1@47657 
‘d 3.183 10.85185 
C, 3.25 1 lQ8ooO 
0, 4.55 1452m 
0” 455 1452CKIO 

Atomic exchange repulsion integrals. These are usually small and consequently 
they are neglected (Zero Differential Overlap Approximation). However, for orbitals 
on the same center, such as oxygen n- and p-orbitals in a ketone, this type of integral 
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is large and no longer can be safely neglected. In such cases they are evaluated in the 
same manner as for the one-center repulsion integrals : 

x = xo (l/2) (Z, + ZIJ 
z, (7) 

where 

x0 = cxo~o/xo~o) (8) 

This integral has an empirical value’ of O-8476 for a center with the Slater charge of an 
0 atom. 

Configuration interaction. Both singly- and doublyexcited configurations were 
included.3-5 In the case of adiketones, the triplyexcited configurations were in- 
cluded in a subsequent calculation. However, as was found earlier with polyenes, 
they did not improve the IF + x* transitions very much, although the n -+ rr* transi- 
tions became a little better. The inclusion of doublyexcited configurations is im- 
portant, however, as usual. 

Oscillator strength. The average oscillator strength is calculated by : 

f = 8nZmcE1’/3h (9) 

where E is the energy of the transition, A2 is the electronic transition moment. (The 
expansion of the transition moment in terms of the wave functions and position 
vectors is described in Ref. 16.) 

RESULTS AND DISCUSSION 

For acetophenone, the agreement between the calculated electronic transition 
energies and the.experimental spectrum is good when the configuration interaction 
is limited to singlyexcited configurations, and excellent when both the singly- and 
doublyexcited configurations ate included (Table 3). These results indicate the 
importance of the extent to which the configuration interaction calculations are 
carried. 

TABLE 3.Tw CALCULAT~AANDTHEEXPWME~ALSPECTRAOFAC~OPHENOM 

Experimental CalculaM 

Solution’ Vapor Phas& Singly E.S. Singly + Doubly 

& w (8) A,,, mp (E) I,,, mp (0 &,, mp (0 

320 (45) (32~) 305 (0) 314 (0) 
278 (lfw 275 (950) 254 (00356) 273 (00156) 
243 (12600) 230 (13,ooo) 245 (012%) 231 (01899) 
199 (20,ooo) 1% www 192 (08179) 191 (03885) 

191 wsw 177 (10032) 184 (00951) 
179 (24,000) 158 (@552O) 182 (@7093) 
167 (2w-w 154 (@Ml) 169 (@3008) 

p Wave length estimated, as transition too weak to observe in gas phase 
* The maxima below 200 mp observed experimentally are probably vibrational fine structure, and no 

dhwt correspondenct with the calculated values is implied 
c Ref. 21 
’ IC. Kimura and S. Nakakura, Theor. Chin AC&I Bed. 3,164 (1965) 
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If the CO group in acetophenone is rotated by 30” with respect to the benzene ring, 
the calculations indicate that the fm transition (a -+ w*) is shit&l slightly toward 
lower wavelength and becomes slightly allowed. The second transition shows little 
change, and the third transition energy stays approximately constant, but the oscillator 
strength decreases. Comparison of the calculated spectra for acetophenone and 304 
rotated acetophenone is given in Table 4. These changes are expected. The n-orbital 

TABIR 4. COMPNUSON op THE! C~CULATED SPI~CCRA op ACBTOPH~XNONLI AND 30”. 
ROTATED ACXTOPiiEtX3NB 

Acetopbcnom 30”-Rotated acctophenone 

Singly + Doubly E. S. 

A, mlt 
314 t! 
273 (oQ156) 
231 (@18#) 

Singly + Doubly ES. 

J.muw 
292 ~~7~ 
2705 (00173) 
228 (i31097) 

is orthogonal to the pi-system in the planar case and thus the n 3 rt* transition is 
forbidden; when the molecule is twisted, the n-orbital is no longer perpendicular to, 
and now overlaps the pi-system, and the transition becomes weakly allowed. For the 
x -+ x* transitions, on the other hand, rotation from coplanarity causes the overlap 
between the p-orbitals of the two chromophores to decrease, The appearanoe of these 
transitions consequently tends toward those of the isolated chromophores with 
increased twisting. . 

Comparison of the experimental l-tetralone spectrum with that of acetophenone 
shows that the presence of the alkyl group on the ring causes a shift of A_ to longer 
wavelength. Within the benxocyclanone series, however, as the aliphatic ring gets 
larger, the A_ stays roughly at the same position with a decrease in absorption 
intensity. The calculated spectrum of 30”-rotated acetophenone with inclusion of 
double-excited states is in good agreement with the available data on the benxo- 
cyclanones, In Table 5 am given the experimental absorption maxima of the benzo- 
cyclanones, which vary with the size of the aliphatic ring In the past it has often been 
assumed that the extinction coefficients for these compounds were proportional to 
the cos2 of the angle of twist.* We pointed out earlier that the accuracy of this approxi- 
mation was in doubt. This approximation suggests dihedral angles of 20” for benxo- 
suberone (II, n = 7) and 46’ for ~~~ycloo~one (II, n = 8), assuming a value of 
0” for l-tetralone (II, R = 6) The present calculation of 30”-rotated acetophenone 
suggests that the previously estimated rotational angles are too severe, as the calculated 
oscillator strengths appear to fall off with dihedral angle even more rapidly than the 
co8 relationship would predict The angles of twist for benzosuberone and benxo- 
cyclooctanone are now estimated to be near 15” and 30” respectively. 

The 2,3-butanediones were next studied. The UV spectra were calculated as a 
function of the torsional angle about the 2,3-bond. Values for these quantities can be 
estimated from the experimental data obtained by Leonard and Mader (gee Table l).’ r 

The calculated electronic spectra are for the gas phase, whereas the experimental 

* See Ref. 13 for a thorough discusioo of this point, together with kading ~&ZWKXS. 
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TABLLI 5. THE gxp muuENrALx-,~TRAwmowoP BBIWXYCIANDNBE 

3123 

Compound 1aLmp (e) (6) 

Acetophcnone 219 (WO) 241 (WOO) 
I-T&alone (II, n = 6) 293 (lw0) 241 (1 WO) 
Blmzosubcronc (I& n = 7) 286 (1W) 246 (9,300) 
kn.zocyclcactanone(II,n = 8) 289 (800) 248 (5,800) 

spectra ate usually run in some solvent. In general, the long-wavelength, low-intensity 
absorption bands (n + x+) of carbonyl compounds shift to shorter wavelength in 
polar solvents, but exceptions have been found There are ditferent explanations for 
the solvent shifts.” The direction and the magnitude of the solvent shifts of the n + X* 
transitions axe complicated, and not really very well understood. Consequently, the 
calculated transitions are not corrected for the effect of solvent when they are compared 
with the experimental results, but it should he borne in mind that the experimental 
values for the n -+ x* absorption bands may be lower than the gas phase values by 
10-20 mu if they were determined in polar, especially hydroxylic, solvents. Because 
of the solvation problem, as well as the fact that the molecular geometries are not 
known with high precision, the relative transition energies calculated are expected to 
be more significant than their absolute values. 

In Table 6 are given the calculated results for the electronic spectrum of butanedione 
as a function of the torsional angle between the carbonyls, truncating the cotigura- 
tion interaction after inclusion of all of the singleexcited configurations. 

A comparison of the data in Tables 1 and 6 shows that the calculated wavelengths 
for the first transiton (n + x+, V, + V,, in planar cases) are too short by about 
50-100 rnb compared with the experimental values 

TABLE 6. CALCIJLATLD ULTRAVIOLIT SPKlRA VS. WI’ERCARBONYL ANGLE POR BUTANEDIONB 

(SINOLY-BXCIIBD coNFxouRATloNp ONLY) 

vo -+ V V V V 
e mp ” (0 mp ” (9 W mp l’ (9 

trans-180 314 
165” 311 
150 305 
135” 2% 
120 284 
105” 279 
90 281 
15” 284 
60 2% 
45” 320 
30 339 
15” 353 

cis-0 359 

wow 
(Qoooo) 
(Qoow 
(ooooo) 
wow 
OOOCQ) 
(Qoooo) 
(Qoooo) 
(-1 
(oooo3) 
(0.0002) 
(Q@w 
(OQOOO) 

314 (Qam 
311 (QoolO) 
304 ww 
295 WQW 
284 WW 
219 (~) 
280 (Qam 
282 wow 
288 (~15) 
301 (~0032) 
310 (Qaw 
317 (0.0013) 
320 (ooooo) 

180 (Q9131) 154 
179 (Q8857) 154 
177 (08231) 156 
173 (Q7378) 158 
164 (0.6353) 162 
156 (06330) 165 
156 (05418) 165 
159 (Q4790) 165 
168 (Q3979) 162 
180 (03782) 156 
188 (03603) 152 
193 (03495) 149 
194 (03471) 147 

mow 
WlW 
(OG365) 
(Oa710) 

00965) 
01210) 
(01435) 

(01568) 
(01829) 
(02635) 
(03514) 
(04675) 

(Qm) 
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The calculated values for the second transitions (n + x*, V, + V,,) are degenerate 
with the first ones until doublyexcited configurations are included. The third transi- 
tion (n + x*, V, + V,,) is calculated to occur at 180-194 mu with substantial intensity 
(f = 03-O-9) in the planar molecules, and the wavelength decreases to a minimum 
value of 156 mu at 90”. The experimental spectrum shows absorption of low intensity 
at about 290 mu for all planar and non-planar diketones, so the agreement is very 
poor. 

The inclusion of doubly-excited configurations improves considerably the corres- 
pondence between the calculated spectra and the experimental ones. (Table 7). The 
fast and second transitions are still at too short a wavelength, now by about 40-80 rnk 
The wavelengths for the (V, -+ VzS) transitions are increased by about 20 mu as 
compared with the corresponding values in Table 6, and the intensities are much 
reduced (to f = 002 or less). In addition, another forbidden transition (V, + V,,,,) 
is now calculated at about 190 mu for the planar cases. The transition acquires con- 
siderable oscillator strength and shifts to lower wavelength with increasing non- 
planarity. 

Inclusion of triply-excited configurations (Table 8) causes the V, + V,, and 
V, + V,, transitions to shift about 10 mu further towards the red, a small improve- 
ment. 

The behavior of the long wavelength absorption which we calculate follows that 
observed by Leonard and Mader very well in certain respects. The cis planar con- 
formation absorbs at longer wavelength than does the rrans, and the latter is at longer 
wavelength than the perpendicular conformation by 52 mu (calculated) compared 
with 47 mu (experimental). The systematic errors in wavelength (of some 40 mu) 
amount to about O-4 ev. Since many of Leonard’s compounds are rather strained, 
and solvation cannot be allowed for, perhaps the conclusion to be drawn is that the 
shilt of wavelength with dihedral angle which is calculated is in good agreement with 
experiment, and the absolute calculated values are fair. 

There is one apparent serious difference between the calculated and the experi- 
mental spectra. In our calculations, all transitions show dependence on the inter- 
carbonyl angle, but Leonard and Mader found the longest wavelength transition was 
dependent on 8, while the second was not. Further, the experimental absorption is 
at about 290 mu, whereas we calculate transitions at around 350 and 220 in the planar 
systems, neither of which is in agreement with experiment. The lack of agreement 
between the calculated and experimental transition energies is sufficiently serious that 
the 290 mu transition is almost certainly due to the neglect of the o-system. The extra 
transition observed experimentally is probably of the cr -+ A* or R + cr* type,” 
analogous to the “mystery bands” in ethylene derivatives, or it may involve the 
n-orbitals, which must in reality be mixed in with the a-system, and hence it does not 
appear from our calculations. 

The strongly allowed x + x* transition is predicted to occur at 185 mu (f = @69) 
for the rruns conformation. The wavelength decreases to 167 mar with rotation to 90”, 
and the oscillator strength reaches a very small value. The transitions mix together 
so much with the nearly perpendicular systems that no simple comparisons are 
possible. The oscillator strength and wavelength increase from 45” to the c&planar 
conformation. The calculations give A,,,,, 1% mu (f = 028) for the latter; thus, the 
absorption is at longer wavelength than is that of the tram isomer, and with a lower 
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extinction, analogous to what is found for the related chromophore butdiene. The 
cis- and trunsdiones are predicted to show II + x* absorption as given in Table 9. 
Such absorption should be observable in many cases with modem instrumentation, 
but the measurements reported by Leonard did not go down to sufficiently short 
wavelengths to detect it. 

Tmte 9. I’R~KXED n + ti ABSORPllON OF 2,3-DIONIB (HEUNIZ s(xvwr) 

*, mv (r) E 

cis-23-Dionc 196 0.28 6,ooO 
trans-&3-Dionc 185 069 lZoo0 
perpendicular- 158 058 10,ooo 

S3-Diane 167 048 zoo0 

Since we have had reasonable success in calculating the electronic spectra of u$- 
unsaturated ketones (at least for planar systems),* and since the rigid system tricyclo- 
[4.2.1.03~‘]nonan4en-2-one (III) and tricyclo[4.3.1.03~7]decan4en-2-one (IV) are 
of some current interest,14 we wished to extend the VESCF-CI method to calculation 
of the ultraviolet spectra of g,y-unsaturated ketones A few calculations on such 
systems have been reported previously, but they have not been very detailed.ig It 
was considered desirable to carry out the calculation of a g,y-unsaturated ketone in 
which the chromophores are known experimentally to interact in order to see whether 
the present method might be reliably applied to the above mentioned compounds, 
and 3-methylenecyclobutanone was chosen for this purpose, even though its geometry 
is not accurately known. The reason for the choice was the unusual absorption spec- 
trum which has been reported for the molecule.20 The agreement between the 
experimental and the calculated x -+ x* transitions (Table 10) is fair considering the 

TABLE 10. W SPBCTRA OF ~-M~HYLEN~~Y~LOB~TAN~~ 

Experimental” 

1, mv (4 

Calculatedb 

&mr (0 

293 (22) 299 (0) 
215 U.550) 196 w.3460) 

p corrected to gas phase 
b Including singly- and doubly-excited configurations. 

uncertainty in molecular geometry. Our calculational method can then apparently 
be extended to the predictions of electronic spectra of other &y-unsaturated ketones. 

The spectra reported for the tricyclic compounds III and IV are given in Tables 11 
and 12 For III, the band reported at 237 mu with an extinction coefficient of 2,200 is 
most unusual, since for g,y-unsaturated ketones, the n + R* transitions and II + x* 
transitions are typically observed around 290 mu and 180 mu, respectively. The 
experimental spectrum of the other compound IV, on the other hand, is quite ordinary. 
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TAB~E~~.UVSPKTRA w IRICYCLO[~.~. 1 .O” ‘]IWNAN4 
EN-2-oNe (III) 

Experimental“ calculatedb 

Lmr (8) Lmc~ (r) 

308 (14) 275 (~) 
237 WOO) 171 (00492) 

TABLJI 12. w SPECTRA DP Ti1lcVno(4.3.1.0~ ']DECAN-4 
EN-2-DNE(1v) 

ExperimentaP Calculatedb 

LXW (s) Luw (r) 

291 (234) 274 (~) 
c 171 (00337) 

171 WQ47) 

a In ethanol solution 
’ Including singly- and doublycxcited configurations 
c Maximum not observed. Tbe value of s was 2,000 at 
Xl0 mp and increasing. 

A comparison of the calculated and experimental spectra of the two compounds is 
given in Tables 11 and 12. 

The n + x* transition of cyclopentanone is observed at 299 rnp in hydrocarbon 
solvenf which is about 20 rnl.t higher than the acetone n + x+ transition.2’ Our 
VESCF-CI method is based on acetone, and therefore may be presumed to predict 
the n + x* absorption bands of five-membered ring ketones too low by about 20 rnk 
The error probably results from a mixing of the n-orbital with the sigma systan of the 
molecule, something which the present calculations cannot take into account, For 
calculations on these two tricyclic compounds then, we would expect to obtain a 
transition which is about 20 mu lower than the experimental value. 

The calculated n + IL* transition for IV is too low by about 23 mu, which as 
explained in the previous paragraph, is expected. The calculated spectrum corresponds 
rather closely to a mixture of separate acetone and 2-butene molecules The n -+ II* 
transition is calculated to be very weakly allowed, f = 09004. The experimental 
spectrum shows the usual enhancement in extinction coefficient typical of S,y- 
unsaturated ketones The experimental enhancement is rather large relative to the 
very small calculated oscillator strength; however, this trend is what might be expected 
for a vibrating versus a non-vibrating system. It is known from other workz2 that the 
fall off of overlap with distance is too rapid with Slater orbitals at distances such as 
those under consideration here, and the use of SCF atomic basis functions would 
increase the interactions in question. 

The calculated spectra of these two tricyclic compounds are very similar, which is 
not unreasonable if one examines the models The calculation does not predict any 
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transition between 230 to 240 mu, which was observed in the solution spectra of 
compound III. It is likely that the experimental spectrum corresponds to some 
compound other than this rigid tricyclic system.* 

APPENDIX 

The bond lengths and bond angles for the trans-coplanar ol-diketone used in this 
calculation are within the experimental error of those reported by LuValle and 
!Schomaker23 as follows: C = 0 1.216 i$ C-C l-450 A 02-C angle 120”. 

For the acetophenone, the ring C-C bond lengths are taken to have the same value 
as the experimental bond length in benzene (l-397 A), and the other values are the 
same as those used for the cldiketones. 

The geometries of the two tricyclic compounds III and IV were calculated by a 
modified Westheimer-Hendrickson-Wiberg method,24 which minimizes the total 
energy of a molecule by systematically varying all of the bond lengths and bond 
angles. Atom 5 in either case is used for determining the direction cosines of the 
orbitals in question although it is not a part of the pi-system. The atomic coordinates 
of the pertinent portions of these two compounds are listed in Tables 13 and 14. 

TABLE 13. ATOMIC COORDINATBS OF ~arcvc~O(4.2.1 .03 7]tw~~~4~~-2~~ 

X Y 2 

r ,s = 1.331A 
r3q = 1.222A 

1 - 1.74271 - 0.96341 - 0.43513 
2 - 0.81342 - 1.69094 Q17966 
3 1.24521 - 030870 000548 
4 2.16109 - I.00133 - 0.41167 

5 - 040816 0.98673 - I.28474 

TABLE 14. ATOMIC CCMXDINATES OF TRICYCL0[4.3.1.03 ‘]D@CAN&ENE-k3NE 

X Y z 

1 - 2.06053 - Q63392 - 0.39290 
2 - 1.97481 0.41304 0.42579 
3 031425 1.25927 O-06140 
4 0.25846 2.47714 - 0.02470 

r,s = 1.332A 
r34 = 1.222 A 5 - 057780 - 046827 097520 

For 3-methylenecyclobutanone, the c=C and C==O bond lengths were assumed 
to have bond lengths of 1.331 A and b.222 & respectively. The C,$--C,i,3 bond 
length was assumed to be 1504 %L It is assumed that all the carbon and oxygen atoms 
lie in a plane, and the internal bond angles of the ring were taken such that the angle 
strain was minimized, 855” at the saturated carbons and 955” at the unsaturated 
carbons. 

* Some time after this conclusion was reached and communicated to Dr. N. A. L-e&l, he informed us 
that a more exhaustive purification of the compound eliminated this absorption, which was in fact due 
to an impurity that had previously resisted separation by any of several and repeated techniques. 
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