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CHAPTER I

Introduction

The ultraviolet spectra of Tramns 3,4 Di~t-butylcyclobutanedione (DTCD)
reported by deGroot, Oudman, and Wynbergl, presents an unusual exception to
the spectral trend of saturated unsubstituted oa-diketones. It is esta-
blished that the long-wavelength n-m# absorpt;on band for this class of
compound appears at approximately 482mu or 1essz. The n-7* transition for
DTCD is 536mu (ev64) which is well above the suggested maximum for satu-
rated unsubstituted dicarbonyls. This interesting phenomenon, leads to
questions concerning the nature of the compound and is the topic of this
presentation.

The primary factor determining the presence of a band in the absorption
spectrum of an organic compound in solution is the occurrence of a so-called
chromophoric group (e.g. dicarbonyl) within the molecule. If such a group

is present, the appearance of the corresponding absorption band can be ex-



pected,

The precise location and intensity of the absorption band are not
wholly predictable beéause of the effect of several factors such as the
nature of the solvent, and, more particularly, the molecular environmment of
the chromophoric groups. The effect of a solvent on a chromophore in an
absorption spectrum is more routinely detected and controlled, whereas the
effect of the molecular environment is generally more complex4. The com-
position as well as the configuration of the molecular environment contri-
bute to variations in the absorption band. Change of the intramolecular
environment often has a marked effect upon the absorption band even when the
chromophore itself remalns apparently unchanged. These changes are not
easily predictable from fundamental structural parameters but considerable
knowledge of an empirical and theoretical nature 1s accumulating.

There are many environmental factors already known to significantly
effect the n~7m* absorption band of the di-carbonyl chromophore (see chapter
3). Attention has been placed on the torsion angle between the adjacent
carbonyls and on unsaturated or heteratom substituents of the compound.
Previous studies6 have indicated that for unsubstituted diketones, varia-
tions in the torsion angle would cause an n~n* absorption of no greater than
482 mus.. Since DTCD does not contain unsaturated or heteratom substitu-
enté, and since the corresponding 1,2 cyclobutanedione has its assigned
n-r* transition occurring in the expected range (A= 487 mu), attention must
be given to the sigma network of the DTCD compound in analyzing this unusual
absorption spectrum.

There has been no‘systematic investigation of the effect of alkyl
substituents on the long wavelength spectra of dicarbonyls., This could be

due to several empirical hurdles. One serious drawback could be solvent



effects. The n~n* absorption band usually shows distinct solvent depend-
. ence. In order for the spectra of different substances to be compared
meaningfully, absorption characteristics must be determined in a common
solvent, or the observed values must be corrected to a given solvent.
The mass of data presently available has not been very amenable to class-
ification. A wide variety of solvents have been used to determine Amax
in long wavelength spectra.

A more significant and inherently difficult problem in interpreting
the absorption spectra for acyclic dicarbonyls is the necessity of dis-~
tinguishing the influence of the torsion angle from that of the alkyl sub-
stituent. However, for some small cyclic a-diketones, the effect of the car-
bonyl angle is minimized. The carbonyls are not as free to rotate as in the
acyclic systems. In the case of cyclobutaﬁedione systems, this is espe-
cially true. These should be excellent models for study. But here again,
there are not enough sequential compounds in existence to afford extensive
comparable empirical data. The instability and difficult syntheses of such
compounds further limit the feasibility of such an investigation.

Althovgh the effect of an alkyl group substituent on an n~7* absorption
band of a dicarbonyl has not been systematically studied, the effect of
alkyl groups in the absorption spectra of other chromophoric groups is well

documented. It is of interest to note some of these earlier empirical and

theoretical investigations.



a. Empirical studies of the effects of alkyl
substituents in absorption spectra

Dimroth and Troutmann directed attention to the fact that the light
absorption due to the diene chromophore is influenced by the nature of the
molecule in which it occursz Since then studies of the influence of
various substituents on chromophoric groups via absorption spectra have be-
come abundant in the literature. Khun and Grundmann 8 reported that a
methyl group on a polyene chain causes displacement of the absorption max-
imum of the polyene to a longer wavelength. The displacement is about 1/4
of that found for one ethylene linkage. For a butadiene, the ethylene
linkage displacement is 210 A°, while a methyl shift is 50 A°,

Booker, Evans & Gillam3 sought to collect and classify both new and
previously published absorption-spectra data for conjugated dienes. Various
substituents were studied and found to pfoduce characteristic displacements
of the absorption maximum. They observed that when alkyl groups (normally
regarded as non—absorbing).are substituted, a blg change in the location of
the absorption maximum may occur. Replacement of one hydrogen atom by a
single alkyl or substituted alkyl group resulted in a bathochromic dis-
placement of the absorption band, When butadiene was the parent compound
the inclusion of one methyl group displaced the absorption maximum to longer
wavelengths by 30 and 65 Ao, respectively for the two different compounds,
piperylene and isoprene. Displacements of 90 and 100 A° were reported for
the two dimethyl substituted butadienes, By-dimethylbutadiene and 2,4
hexadiene. | |

Booker and coworkers3 were able to group the compounds studied as:

acyclic dienes having one, two or no cyclic substituents; semicyclic dienes



and mono-, di-, and polycyclic dienes. In the latter case, the arrange-
ment of the conjugated system in one or in twé rings, respectively, pro-
duced a marked difference in the'location of the absorption maximum. When
the substituent of the butadiene was a single cyclohexyl group, as in ally-
lidenecyclohexane, there was a larger displacement than that with either one
or two methyl groups. The displacement of the maximum from that of buta-
diene was found to be 190 A°. When two substituents of the butadiene were
cyclohexyl groups, there was a further displacement of about 90 A° for the
second cyclohexyl group. The presence or absence of a ring in a normal
"diene has no intrinsic effect on the position of A max’ except in-so-far as
the structure is such that the ring exerts a normal substitution or posi-
tional effect. Since the compounds that were studied were non-polar, the
effect of different solvents were negligible; however, the intensities of
the spectra did vary with solvent change.

It was R. B. Woodward9 who first studied and suggested that the nature
of the substitution of the chromophoric group in compounds can be predicted
from the location of the main absorption band. Woodward's work focused on
the short-wavelength absorption spectra of af~unsaturated ketones. When
ethylenic and carbonyl groups are conjugated in the same molecule, the
effect 1s apparently ta displace both bands toward longer wavelengths (see
chapter 3); hence, the characteristic absorption spectrum of an &B-unsat-
urated ketone with its intense k-~band and its low intensity r-band due to
the carbonyl group.

It was shown from the study of the @B -unsaturated ketones9 in the
short wavelength sgpectra that the presence of methyl groups is significant,
and that these and similar saturated radicals exert an environmental effect

on the absorption due to the conjugated system. The effect is again almost



invariably bathochromic. Substitution of an alkyl group in the o or 8
position caused a shift of approximately 15 mu toward the red. The deter-
mination of Amax reveals unequivocally the extent of substitution of the
C~C double bond in an opf-unsaturated ketone. The wavelength , Amax’ may
be correlated with the extent of substitution of the C~C double bond in the
ap-unsaturated carbonyl system, and consequently the determination of this
physical property throws considerable light upon the structure of the com-.
pound under examination. Woodward9 went even further to predict the sub-~

stituents from the location of the main absorption k-band, and included the

following formulation for aBR-unsaturated ketone systems:

WOODWARD'S PREDICTION OF THE LOCATION OF ALKYL
SUBSTITUENTS FROM THE LOCATION OF THE ABSORP-

TION K-BAND.
Alkyl-substituents Absorption k-band (A°)
mono-substitution 2950+ 50
(e or 8 )
di- (aB or BB ) 2390
tri- (aBB ) 2540

In addition, Woodward observed that the substitution, atleast in the
o —position, of a bromine atom or an acetoxy group has much the same effect
as the substitution of an alkyl group.

I
Evans & Gillams"’lo’11

established a four part series, collecting
experimental data on the absorption spectra of compounds containing specific

chromophore groups, with the object of discovering the effect of various



well ~defined molecular environments upon absorption spectra. They extend-
ed their work to many more oB-unsaturated carbonyls and verified Woodward's
main thesis. They also found that substitution on the B-carbon produced
a larger bathochromic effect than that on the a-éarbon, and that unsaturat-
ed aB-aldehydes had a Amax approximately 50 A° lower than the corresponding
ketones. It was also felt by Evans and Gillam that the correlation shown
to exist between molecular structure in these compounds and the location of
the short-wavelength absorption band should also affect the location of the
long—wavelength.r—band due to the carbonyl group. Examination of the data
however, revealed no apparent correlation. They also studied the short
wavelength spectra for dienones and semi-~carbazone chfomophores. In all
known cases for the dienones, the absorption band lies between 2690 and
3170 Ao, depending on the number and position of the alkyl substituents.
Each successive alkyl substituent on this chromophore displaces the ab-
sorption band by approximately 100 A° towards longer wavelengths. In this
particular series however, fhe difference of aldehydes and ketones disap-
peared. Just as in the case of the of unséturated carbonyl, the substi-
tuent furtherest removed exerted the greatest bathochromic effect. The
(68) substituted compounds provided the longer wavelength absorption k-band.
Evans & Gillam did not, however, observe a substituent effect in the
semi-carbazone chromophore. It was summarized that the effect of going
from a typical unsaturated ketone to its semicarbazomne derivative
generally netted the following spectral observation: 1) The displacement
of the absorption maximum to longer wavelengths, 2) the disappearance of
the band due to the carbonyl group, and 3) a distinct increase in intensity

of the absorption. For some 33 compounds, it was observed that although



the semicafbazone generally had higher maximum absorption bands than their
carbonyl counterparts, the substitutent effect observed in the unsaturated
aldehyde and ketone did not occur for the semi-carbazone. The correspond-
ing absorption maximum appeared to level at a constant value of 2670t 75 A°
for most compounds studied.

These empirical studies do not directly ?elate the effects of alkyl
substituents in the r-hand absorption spectra, however they do reveal an
apparent bathochromic shift observed for alkyl substituents in the k-band
absorption spectra; an effect that can be altered according to the position
of the substituents.

No consistent alkyl substituent effect was observed in the n-m¥
absorption spectra in the studies of Evans and Gillam. This could be due
to the strong sensitivity of the r-band spectra to the various solvents
used. It could also be due to the influence of the unsaturated bond in the
systems studied. Furthermore, the k-band is quite prominent in these spectra
and may reasonably overshadow'or otherwise affect the r-hand spectra as in
the case of ascorbic acid , where the r-band disappears (see chapter 3).
However, in a dicarbonyl compound the n-7%* intensity will be less affected.
Accordingly, the cyclic dicarbonyl cﬁromophore should present a better
system for detecting the effect of an alkyl substituent on the location of
the r-band.

This speculation is further supported by the apparent bathochromic
shift observed in monocarbonyl systems where the dicarSonyl "rotation effect"
is eliminated. Alkyl substitution at the o-position for both the propa-
none and butanone chromophore systems show a aefinite shift toward the red
in the n-T* absorption spectra, as summarized in Table 2. The displacement

of the n-T* absorption band per methyl group for the two systems ranges
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Table 1

n-7% Bands in Cyclopropanones and Cyclobutanones
(cyclohexane solution)

COMPOUND A (mu) AX
. . 'max max
0
*
A 310 "
0
%
330 20
0
*
A< 340 30
0
%E 3547 4t
0 *k
279 -
0,
A\ Sk
290 11
0.
N ek
294 15

+Reference 12 (isooctane solution)

Reference 13
Ak
Reference 14
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from 7-20 muy with an average value of 12 my, This is comparable to the
value of 15 mp per methyl substituent observed in the k-bands discussed
earlierg. The apparent di-t-butyl displacement in the propanone compound
(44 my) does indeed compare favorably with the speculative di-t-butyl
displacement in the DICD compound (49 myu).

It would be feasible to speculate that a bathochromic shift effect
should occur in the n-~m* absorption region due to & or B alkyl substituents
on a dicarbonyl chromophore. It can further be expected that this effect
would be distinct if the strong influence of the dicarbonyl torsion angle
is stabilized, as in the case of a rigid cyclobutanedione ring. A rela-
tively large absorption displacement could be anticipated if the maximum
displacement due to the dicarbonyl chromophore occurs (i.e. planar or near
planar configuration) and a substantial displacement due to alkyl sub-
stitution also arises (i.e. poly alkyl substitution).

DTCD is one of only two reported saturated unsubstituted (without
heteratom substituent) o~-diketones to show this unusually long wavelength
n-7* transition. The other such compound, Spiro(adamentane-2,1'-cyclo-
butane-2',3'-dione), also reported by Wynberg & Coworkersls, has an n-7m¥
transition occurring at 516 mp (ev44.5). From a purely speculative view
point -and assuming that the two butane rings iﬁ question to be in a near
planar configuration (for maximum absorption)-, the poly alkyl substitu-
tion at the oa-positions of both species, could be expected to be a major
contributor to the adnormal displacement of the respective n-m* absorp-
tion bands. However, in the absence of any direct empirical comparisons

this assumption remains speculative at best,
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b. Theoretical studies of the effects of sigma
bond networks on absorption spectra

As in the case with empirical studies, there is also little
theoretical work relating the effect of alkyl substitutents in the n-m%*
absorption spectra. In fact, most of the reported theoretical investi-
gation involving organic compounds have probed isolated m systems
With the recent advances in all-valence electron methods (see chapter 2)
however, there have been significant studies indicating the importance of

including sigma bonds in MO calculations involving spectral interpretation.

Hoffmann, Heilbronner and Gleiter calculated the interactions
between nonconjugated ethylene groups in molecules}7 It was noted that not
only the direct overlap between the 7 systems but also the interaction
through the intervening sigma bonds is necessary for spectral interpre—
tations.,

R. Hoffmann used perturbation theory to treat interactions of
localized orbitals and groups of orbitals with each otheryboth directly
(through space) and indirectly (through other bonds in the molecule).69
Studying the N lone pairs and carbon radical lobes (via extended Huckel
MO calculations), he observed splitting patterns in pyrazine, p~benzyne
and dlazabicyclooctane that were completely opposite to expectations. The
antisymmetric combination of the nonbonding MO was below that of the
symmetric combination. He concluded that this phenomenon was due to
through-bond couﬁling (inclusion of the. smigma bond network) rather than
to direct interaction between the two orbitals. This large splitting
and ordering have been fully confirmed in recent photoelectrbn work.70’71
Hoffmann, Imamura and Hehre used a variety of molecular orbital

methods to deduce significant and specific interactions among radical lobes
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in the same molecule separated by a number of intervening sigma (o)
bonds7.2 These are explored in detail for benzynes and didehydroconjugated
molecules. They verified that the splitting order of the radical lobes
depended on the likelihood of through-space or through bond interaction
of the respective molecule.

Another investigation demonstrating the importance of the sigma net-
work in the interpretation of an n~7* absorption spectrum of a dicarbonyl
chromophore was performed by Neely, Fink, van der Helm and Bloomfield.18
In this work, theoretical calculations, using various MO methods, were

made on the o -diketones illustrated in figure 1l: tricyclo (4.4.2.0)1’6

dodeca-3,8~diene~11,12~dione (2DB) and its tetrahydro derivative (ODB).

0 0
é 0
2DB oDB

Figure 1: tricyclo(4.4.2.0)1’6dode¢a—3,8—diene-11,12-
dione (2DB) and its tetrahydro derivative (ODB).

The abbreviated names (in parenthesis) of the species indicate the number of
C-C double bonds contained in each compound. Theoretical results obtained
by considering the 7~ interactions alone were compared with those in
which the sigma {o) electronic structure was also included. The signi-
ficant conclusion of the investigation was that the qualitative spectral

trend could be accounted for only when all valence electrons were included
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in the calculations,

It is interestiﬁg to note that the 2 max of the 2DB species (537 myp)
is almost idéntical to that of DTCD (536 mp ). The nonconjugated diene
network of ;he cyclobutanedione (2DB) appears to have virtually the same
influence on the o-diketone chromophore as does the di-t-butyl network of
DTCD. This observation was fundamental in leading to the investigation
reported here.

It might appear logical to seek a theoretical approach to investi-
gate the effects of alkyl substituents in the dicarbonyl n-7* absorption
spectra in view of the apparent difficulties encountered with an empiri:-
cal study. A theoretical study, as opposed to an empirical one, will
allow for‘a more detailed and discrete analysis of the problem. However,

a theoretical analysis involving a molecular system as large as DICD must
be approximate at best, Accordingly, any such approach must be undertaken
cautiously.

DTCD éppears to be an excellent model for expanding this type of
theoretical study. Previous investigations have demonstrated the importance
of a sigma or saturated network in 7 —system interactions. The DTCD
system offers the opportunity to study the perturbation of a sigma or
saturated network on the o dicarbonyl =« and ¢ systems. Such an inves-
tigation, although only qualitative, should nevertheless offer valuable in-
sight in.the interpretation of n-7%* absorption spectra and the intramole-
cular interactions giving rise to variations.

This study employes a theoretical treatment directed towards gaining
an explanation of the "unusual" n-n* solution spectrum of DTCD. o -alkyl

substitution to the diketone system is considered specifically since it is
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the t-butyl addition to the 1,2 cyclobutanedione structure that is the
apparent cause of the adnormally large Amax' It is understood that the
intramolecular environment of a chromophore, in both its constituency as
well as its conformation, may have a significant and unique influence in
the absorption spectrum. Accordingly, various alkyl substituents
(including the t-butyl group) as well as various orientations of each
substituent are considered specifically to determine their respective in~-
fluences on the electronic states of the 1,2 cyclobutanedione system.

The final results establish a trend for alkyl substitution effects on

the n-7* spectrum of oa~substituted diketones. The most favorable medel
for DTCD, in terms of molecular stability and in terms of relative con-
formational effects on the n-m* absorption spectrum, is speculated. This
theoretical model is fhen compared with a model obtained via an x-ray

molecular structure determination of DICD.



CHAPTER II
MO Calculations for Saturated Systems

In 1955, Sandorfy applied Huckel-type approximations to saturated
hydrocarbons and forvthe first time included the hydrogensl6. He con-
cluded that MO methods of the LCAO-type (linear combination of atomic
orbitals) would be capable of giving as good charge distributions for
such molecules as for conjugated systems. This historically signifi-
cant paper made way for the development of Sigma Molecular Orbital
Theory: the theoretical treatment of sigma as well as pi electrons of
molecular species. |

There was a time when non-empirical calculations were carried out
on the smallest of molecules, and semi-empirical ones on the pi elec-
trons of conjugated systems alone. Recently, semi~empirical molecular
orbital methods have been extended to include all electrons, sigma and
pi, and to apply to saturated as well as conjugated systems. Purely
non-empirical MO calculations, although still in general far from the
desired Hartree~Fock MO result, are being made on sizable organic
moleculesl§’20

Basically, the sigma-MO concepts are developed from the pi~electron

MO methods.t0:1?

A theoretical description of the electronic structure
and the bonding in such molecules can be obtained by expanding the MO
basis set to include the valence-shell AO's of all atoms in the mole-

15
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cule. Thus the 1ls A0 of hydrogen and the 2s and three 2p AO's of any
atoms from the second row of the periodic table would contribute as
basis functions and be treated explicitly in these methods. The ex-
tended basis set allow mixing of sigma and pi orbitals in non-planar
unsaturated molecules where these interactions are not symmetry for-
bidden and is thereby capable of showing the role of sigma bonds in
the interactions between nonconjugated, unsaturated groups in such
molecules as well. The set of MO's obtained allows not only the cal~
culation of pi-pi* electronic transition energies as in the pi-~elec-
tron methods, but also those involving any combination of orbitals,
e.g. sigma-pi* (o - %), sigma-sigma*(c - o*), as well as the presently
desired n-pi* (n - w*%),

Clearly, for predictions of chemical phenémena, sigma electrons are
essential. Inclusion of sigma electrons in conjugated systems shows
that although some qualitive conclusions based on pi electrons alone,
remain valid, in general the picture changes. Sigma and pi networks
are not as clearly separable as once thoughtls. This . is important since
almost all molecules involve sigma electrons. As in the pi-electron
methods, the sigma-MO theory has also evolved over various stages of
approximation. The Huckel Method, which does not include electron-
electron interactions, has been extended in a number of ways as has the
self-consistent field methods, which included electron-~electron re-
pulsion in an approximate way.

Several formulations from within the SCF framework have been in-
troduced for calculating self~consistent molecular orbitals for all-

valence electrons in molecules. One of the more widely used SCF
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methods is based on the CNDO-type (complete neglect of differential
overlap) approximation in which the overlap distribution, ¢ﬁ(l)¢v(l)’
of any two atomic orbitals ¢u and ¢v is neglected in all electron re-
pulsion integrals. By choosing some parameters in a semi-empirical
manner to fit atomic data and others to fit more precise calculations
- on diatomics, it was found possible to obtain wavefunctions and ener-
gies which predicted geometries, bending force constants, rotational
barriers, etc. in fair agreement with experiment, atleast for small
polyatomic molecules. Modifications (e.g. CNDO/2 Method) as well as
additions to tﬁe basic SCF all~valence-electron methods are quite
abundant in the literature 28_32.

In the Huckel-type theories, the total emergy is assumed to be a
sum of one-electron orbital energies, and only the one-electron
Hamiltonian matrix is diagonalized to obtain these 33_36: The Hrs’
one-, and two—- center Hamiltonian matrix elements are obtained either
from atomic properties or are related to overlap integrals Srs in a
number of ways. Further, the LCAO may be that of the regular atomic
orbitals (A0's) such as the 2s's and 2p's and the hydrogen ls's or of
hybridized valence atomic orbitals (LCVO).

Fukui and Co-workers, in their pioneering applications, used pri-~
marily an LCVO-method. They obtained charge distr~butions and sigma
dipole moments for a large number of saturated and unsaturated molecules,
and they studied chemical reactivities and phenomena such as the break-
up of hydrocarbons under electron impact. These applications, as well

as references to the literature up to 1965, have been surveyed by Fukui 3?

In 1963, R. Hoffmann provided a strong impetus to the treatment of
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gsigma systems, with his Extended Huckel Theory (EHMO) 19. Hoffmann
used a Huckel method with all the one-electron matrix elements Hrs and
all the overlaps SrS included. The method was applied with the same
‘parametrization to a large class of saturated and unsaturated hydro-
carbons. Hoffmann concluded thét with such a method the geometries of
molecules could be predicted. Barriers to internal rotation, ring con-
formations, and geometrical isomerism are among the topics treated.
Consistent sigma and pi charge distributions and overlap populations
are obtained for aromatics and their relative roles are rationalized.
For alkanes and alkenes charge distributions are also presented.
Failures of the EHMO method included overemphasis on steric factors,
leading to some incorrect isomerization energies and the failure to
predict strain energies. As previously mentioned, the Huckel-type
methods do not include electron-electron interactions or the adjust-
ments of the parameters that would result from these. Such changes in
the parametefs are particularly important in ionic species and with
heteratoms, where straight extended Huckel calculations run into more
difficulty. As in the pi-electron theory, one way to go beyond the
Huckel methods while retaining their basic simplicity and lack of
difficult integrals has been to introduce iteractions to the parameters
dependent on charge distribution. Such iterated extended Huckel methods
(EIHC) have.been the main proponents of Cusche and McGlynn 22.

Another interesting method which differs from the Huckel approach
and which also gives remarkable sﬁccess in the predictions of geome-
tries, is the subminimal ab initio method of Frost 39. In the method

of Frost, the full exact Hamiltonian and all the matrix elements that it
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gives rise to are used, but, in turm, the orbitals themselves are chosen
in the simplest possible manner.

It is apparent that for a proper theoretical probe of the diketone,
DICD, that an all-valence-shell MO method be employed. The Extended
Huckel Molecular Orbital Theory (EHMO) is the sigma-MO method chosen
for this investigation; mainly because of its previous success in qual-
itatively treating values of the n-m* spectra 18 as well as its success
in predicting molecular stability and molecular conformations 19’26.

The EHMO is quite useful in qualitative analysis and is especially good
for rationalizing and correlating experimental results for s class of
related compounds 22. The method generally leads to good approximations
of quilibrium conformation, and the method is superior, in this re-
spect, to CNDO-type methods 26. Although its calculated transition
energies are generally smaller than the observed transition energies,
qualitative trends in these values can still be reasonably well corre-

lated for a series of similar compounds 18-21

. It is easy to criti-
cize the Huckel-type methods. The litany of theoreticai deficiences is
indeed large. However, these deficiences are partially compensated by
the simplicity of the computational scheme which is frankly empirical,
easy to use, and which works quite well. One must assume that the
parametrization process subsumes many deficiencies and corrects for

them in a wholly empirical way 22.
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The Huckel-Type Calculation

The Extended Huckel MO Theory, as introduced by Hoffmann is derived
from the moét widely used of all quantum=~chemical computational schemes,
the Hucgel MO method (HMO) 19’34. The basic HMO is based on a series of
assumptions, of which many are arbitrary. It is patterned on quantum
mechanics, but it is hardly more than a useful empirical scheme which
rationalizes much chemical experiemce. Basically MO's are formed and
are given as linear combinations of atomic orbitals (LCAO), usually one
A0 from each of the various atomic centers encompassed by the MO.

The wave function, ¢i’ is taken to be a molecular orbital which in
turn is coﬁstructéd by the LCAO procedure from a set of atomic orbitals,
X. centered on the atoms of the molecule.

i,

(1)
n is the number of AO's

The expression for the energy, E, of that partlcular MO is

g = Jo;*H$ dr ()
T *¢,dt .
Differentiation of the energy with respect to each of the
coefficients, Cij’ and application of the variational theorem yields n
simultaneous equations,

n
z
k|

=1Cij (fxi*ijdT - efxi*xjdr ) =0 3
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Since the energy of the independent particles can be written

total ZiNiei s, Where Ni is the occupation number of molecular

orbital i, which has energy s minimization of each of the orbital

E

energies will cause Etotal to be a minimum.
n
Equation 3 becomes: §=1Cij(Hij - Esij) = 0 %)
for i = 1,n
where,

= %
Si3 = IxgylT (5)

= *
Big = Txgtxgdn ©

Sij is the overlap integral between the two AO's

Hij is called a coulomb integral when i=j and represents the energy of

an electron in AO Xy When i#j, Hij is called a resonance integral,
Equation (4) provides a set of secular equations which may be conven-
iently written as the secular determinant given in equation (7). Being
a determinant of order n, it has n roots, ei; where i=l,n. Solutions
to the secular equations can be obtained by diagonalizing the deter-
minant.

luij - esij] =0 . @)

Each of these roots, in turn, when used in eq. (4) yield a set of

n coefficients C,. that make up a molecular orbital. ' Since the right-

ij
hand side of eq.(4) is identically zero, one can only find the ratios of

(n-1) of the Ci to a particular coefficient. Normalization of the MO's

3

then enables one to assign actual values. The molecular orbitals are

doubly occupied, starting with the orbital of lowest energy and proceed-
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ing upward in energy. If the highest-occupied MO is a member of a de-
generate group, then the particles are assigned to the degenerate
orbitals with spin parallel, leading to the state of maximum multipli-
city in accordance with Hund's rule,
The Hamiltonian (H) ié treated as an effective one~electron

Hamiltonian. The integral Hi in eq. (b) are thus empirical parameters

3
and the MO energies are obtained in terms of these parameters. The HMO
approximation, applied to hydrocarbons, sets all coulomb integrals equal
to a common value, o. Resonance integrals between AO's centered on
nuclei which are bonded to each other are all assigned a common value 8.
Hij's between all other A0 pairs are taken as zero. All overlap inte-
grals are taken as zero when i#j and set equal to one when i=j, there-
by assuming an orthonormal set of basis functions.

The scope of application of the Huckel Theory, of course was
widely broadened with the development of the Extended Huckel approach.
Both theories (HMO & EHMO) ignore inner-shell electrons on the atoms;
however, the EHMO uses all the valence electrons, while the HMO gener-
ally employs only the pi electrons of the molecule,

The EHMO also differs from the HMO Theory in the extent to which
approximations are used in developing the H and S matrices in the Se-
cular Equation and in the atomic orbitals admissible to the basis set.
In the EHMO theory s, p, d, and f-type basis functions are employed,
together with a full overlap matrix and a systematic set of rules for
the selection of coublomb integrals, in constructing the secular.
equation. It is no longer necessary to invoke a sigma~pi separation

because one uses a definite coulomb integral for each type of orbital
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on each atom. The coulomb integrals are taken from the valence-
40 :
state ionization potentials of Pritchard and Skinner . The method

approximates the H,, resonance integrals by one of three formulas, all

1]

involving a direct proportion to the corresponding overlap integral.

1. Proportionality to overlap
Hij = -KSij
2., Wolfsberg-Helmholtz arithmetic mean formula

= KS,, (H,, % H,.)

By 1y “Hi4 i3
3. Geometric mean formula
_ 1/2
Hij Ksij (Hii . Hjj)

K is usually assigned a value of 1.7 to 2.0. Since a full over-
lap matrix dis emplo&ed, the method is sensitive to the choice of atomic
orbitals.

The actual Extended Huckel calculations described above are
carried out using Hoffmann's routine 41. Slater Atomic orbitals are
used as basis functions with Slater exponents of 1.3000, 1.625, 2.275
for hydrogen 1s, carbon (2s & 2p), and oxygen (2s & 2p) respectively.

Coulomb integrals, for the various basis functions were taken as

Hii’
the valence state ionization potentials. The diagonal matrix elements
are taken to be the negative of the valence state ionization potentials:
-13.6 eV for hydrogen, -21.4 eV for carbon 2s, -1l.4 eV for carbon

2p, -35.3 eV for oxygen 2s, -17.8 eV for oxygen 2p. Resonance integrals,
Hij’ are calculated as ;he geometric mean (formula 3 above), with

K = 1,75. The resulting MO's reveal not only the pi-electron structure,

but also the sigma orbitals and any nonbonding orbitals. Electronic
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transition energies are taken as the difference in orbital energies
between the leaving and aécepting MO's thereby neglecting any electron

rearrangement upon transition,



CHAPTER IIL
The Carbonyl and Dicarbonyl Chromophore

A theoretical study of the n-m* absorption spectra of Di-t-butyl-
cyclobutanedione (DTCD) requires an analysis of the atomic and molecular
composition of the dicarbonyl chromophore.

A typical carbonyl bond, e.g. formaldehyde, is formed by the combi-
nation of carbon and oxygen atomic orbitals 42. These orbitals can be
divided into those which are antisymmetric with respect to reflection in
.the X2z plane, where 2pyc and 2pyo Qill form the m MO's and thosg which
are symmetric, where the ls, and 2s, 2px, and sz atomic orbitals will
form the sigma (o) MO's. The carbon 2s, 2px, 2pZ orbitals can be formed
into three trigonal hybrids, similar to those of ethylene; two of these
will form sigma (o) bonds with the hydrogens, and the third will go to
make the C-0 sigma bond.

The state of hybridization of the oxygen atom is significantly
different from that of the carbon atom ? The oxygen 2s orbital is much
more stable than its 2p orbitals. The excitation (2522p2)3p > (2s2p3)3p
of carbon requires 9.34 eV, while the corresponding oxygen transition
(2822p4)3p > (232p5)3p requires 15.66 eV. This means that to some ex-
tent the oxygen 2s orbital, having a much lower energy than either the

carbon 2s or 2p orbital, or the oxygen 2p orbitals, does not take part in

the bonding. In other words, it is nonbonding in the same sense as are

25
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the 1s orbitals. The C-0 sigma bond is then formed by a carbon sp2
hybrid and 2px . This extreme situation does not really arise in prac~
tice: some ofothe 230 orbital is used to form the C-0 sigma bond, and
some of the 2px is mixed with the 230 to form a hybrid nonbonding orbi-
tal, But the i;portant fact is that the electrons in this particular
nonbonding orbital are quite tightly bound bécause the orbital is
largely 250.

There is one oxygen orbital which has not been used so far, 2pz .
This can be considered to be monbonding, since the only other orbita;
which might combine with it, 2pz is alread& used in forming C-H bonds
(or C~C bonds as the case may be§ . The 7 orbitals are therefore anti-
symmetric to reflection in the plane (xz) of the paper; the ¢ and n
orbitals are symmetric.

In general, nonbonding lone~pair electrons are the least strongly
bound in a molecule 4, and in the bonding levels w-electrons have

higher energies than corresponding g-electrons, while in the antibond-

ing levels that order is reversed, as shown below.

]

Figure 2

The bonding and antibonding order in a simple carbonyl.
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Thus in a simple molecule an n-m%* transition generally should require
a smaller energy, AE, than a w-m%* excitation, while a og-o* traﬁsition
should require a relatively large AE. Ia general, simple carbonyl com-
pounds give four main regions of absorption below the Rydberg bands in
the far ultraviolet region. A very weak absorption (emax = 10~4) near
4000 A° and a weak band (emax = 10) near 2900 A° are due, respectively,
to the (triplet and the singlet) transitions of an oxygen 2p lone-pair
electron to the carbonyl antibonding m-orbital (n-m*). A n-o* band of
moderately-strong intensity lies near 1800 Ao, and an intense T-m* ab-
sorption at a shorter wavelength. The excitation of an oxygen 2pz lone~
pair electron is forbidden to the carbonyl ﬂy* orbital, but it is partly
allowed to the carbonyl cx* orbital., The permitted atomic orbital
components are 2pz(0) - 2px, 2s (C).

It is, of course, the weak absorption and lohg wavelength absorp~-
tion bands that are of parficular interest. More specifically, the
lowest singlet-singlet transition has been characterized as the transi-
tion corresponding to the excitation of a nearly nonbonding oxygen
electron to an antibonding m molecular orbital (n_“*)43. There is defi-
nite physical evidence of this interpretation and there are analogous
transitions (involving the nonbonding electrons) in compounds contain=~
ing nitrogen and sulfur as well 44.

These low transition bands are characterized by distinct physical
properties: In vapor spectrum these n-m* transition bands have "atomic-
1ike" sharpness while in the solution spectra the bands are very blur-
red. Usually only slight vibrational structure remains, even in hydro-

carbon solvents. This of course 1is striking in view of the sharpness
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of the vapor absorption lines. Probably it is a characteristic of the
nonbonding orbitals which leads to an unusual perturbation in solutions.

There is a large blue-shift for the n-7%* transition on going from a
non-polar to a polar solvent. It was pointed out by Kasha 43 that this
appears to be a general property of n-m* bands. The reason for the
strong solvent effect is certainly tied up with the large change in the
electron distribution on excitation. The blue shift is particularly
noticeable on going from a hydrocarbon to a hydroxylic solvent, and it
is fairly certain that this is due to the formation of hydrogen bonds
rather than to a general dielectric effect of the solveﬁtAo. In the
ground state the nonbonding lone-pair of electrons are particularly
suitable for forming a hydrogen bond, but this capacity is largely lost
when one of these electrons is promoted to the 7 system. It has been

47 that the Franck-Condon

pointed out by McConnell46 and Pimental
principle plays an important part in the n-7* solvent effect. Since

the solvent molecules cannot re-orient during the excitation process, the
maximum of the absorption band is determined by the particular solvent
configuration which is favored by the ground state. On the other hand,
the maximum of the emission band 1s determined by the solvent configu-
ration which gives the greatest stability to the excited state46’47.

In acidic solvents the n-71* transition is shifted so much that it
"disappears". Addition of a proton to the nonbonding pair of the hetero-
atom greatly increases the binding energy of the "lone-pair". This
behavior offers the clearest proof of the excitation of ﬁonbonding

electrons in such molecules, and remains the sole universal indication

of a transition involving lone pair electrons.
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It must be pointed out that the position and intensity of a
"typical" carbonyl n-m* absorption band can be significantly altered by
both conjugated and formally non-conjugated substituentsAa. For example,
progressive substitution by methyl in formaldehyde doubles, and then
quadruples, the extinction coefficient of the n-w* transition. In addi-
tion alkyl groups or monatomic substituents with lone-pair electrons re-
placing the aldehydic hydrogen atom will shift the carbonyl n-m* absorp-
tion to a shorter wavelength. However, in compounds such as MeCOCHzBr,
where the effect of the alkyl group or monatomic substituent travels
through a (CHZ) linkage from the o position a bathochromic shift is
observed45. This is observed for the substituted formaldehydes listed
in Table 2 below. Methyl substitution on formaldehyde causes a blue

n~m% ghift, while the -CH,Br substitution on MeCOBr results in a red

2
n-T*% shift.
Table 2,
Compound n-7* transition
H,C-0 3100 A° (e = 5)
Me-CHO 2935 A° (e = 12)
Me,~CO 2750 A® (e = 22)
MeCOBr 2500 A° (e = 21)
MeCOCH, Br 3105 A° (e = 21)

n-m%* transitions for some substituted formaldehydes.

If the carbonyl group is part of a conjugated system the n-n* ab-
sorption band is invariably shifted to a longer wavelength44, and can be
intensified greatly relative to the corresponding value of the saturated'

species. This intensification has been attributed, by Cookson and
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Wariyar48, to the mixing of the n~w* and m-7* transitioms for non-
coplanar ethylene and carbonyl double bonds. The long wavelength shift
is due to the interaction of the conjugated system. The conjugation of
a carbonyl with a vinyl group gives four m-electron energy levels,
figure 3 , of which the highest occupied and the lowest unoccupied have
higher and lower energies respectively than the corresponding orbitals of
the carbonyl group. The bonding and antibonding MO's (ﬂc and Wc*juf a
carbonyl are about 2.1 and 0.5 eV, lower than the respective MO's
(ﬂE and "E*) of an ethylene groupso. The lone-pair and sigma orbitals
of the carbonyl to a good approximation are generally unchanged, so that
the n-m* and, more particularly, the m-m* carbonyl absorption shift to
longer wavelengths in the o,B-unsaturated derivatives while the n-o%
band retains practically the same energy.

The energy of an n-n* transition may also be slightly altered: by
the presence of a non-conjugated double bond. Labhart and Wagniere
showed that a small red shift should be obtained for this band when
overlap between the two 7 systems existsso, although a notable exception
to thislhas been shown by Snyder and FranzusSl. a,B-unsaturated ketones,
in many cases, have shown n-n* intensities 10 to 100 times the value of
the corresponding saturated species, a situation also due to the non-
coplanarity of the w systems48.

For o-diketones, the n-7%* absorption intensity is less affected by
a mutual perturbation of two carbonyl groups than by the interaction of
a vinyl and carbonyl group. An o-diketone with a range of angles of
twist about the inter-carbonyl bond has uniformly weaker n-n* bands than

a non-planar o,B~unsaturated ketone4. The m-m* bands lie near 1750 A°
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transition.
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in the a-diketones, compared with 2300 A® in the o, R-unsaturated ke-
tones, so that the former are the further separated in energy from the
n-1%* bands and there is a smaller mixing of the transitionssg The
mixing of the carbonyl w—ﬂf and n-7* transitions 'is not negligible
however,, as is evidenced through the spectra of f~diketonmes. An ortho-
gonal RB-diketone as opposed to a coplanar species allows more transi-
tional mixing and gives the larger QmaXA?

Whenever nonbonding orbital interactions were considered in the
past, those interactions were judged smallsz This is now not in
accord with either theoretical or éxperimental results., Lone-pairs,
double bond and other isolated subunits of a molecule interact signi-
ficantly with other such units by direct through-space and indirect
through~bond mechanisms. Both through-space and through-bond inter-—
actions are discussed here in detail.

In the simple dicarbonyls there are two lone-pair ﬁolecular n
orbitals and two antibonding 7% molecular orbitals; each pair being
formed by the symmetric and the antisymmetric combination of the re-~
spective orbitals of the separate carbonyl groups. Figure 4 shows a
typical (camphorquinone) dicarbonyl energy diagram of the n and ™ net-
work energies resulting from through-space interactions, as a function
of twists around the intercarbonyl C-C bond. The symmetric orbital(ns or
has the 1§wer energy for all angles of twist about the intercarbonyl
bond except at 90° (where the two levels of each type are degenerate).
The maximum energy separation between the two lone-~pair orbitals is ob-

tained in the cis configuration of the a-diketone group, where the oxy-

gen 2p lone-pair orbitals have maximum overlap, but the energy differ-
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Figure 4

X= o %

ﬂAi ﬂl‘ LN
= g % %

WS nl +n2

BT ™M™

> _;,-<

' nS = nl+n2

A= ™M

“S = ﬂl+ﬂ2

{ { ] ‘
- 90° 0° +90°

Torsion Angle

Figure 4: Typical dicarbonyl energy diagram of the
n and 7 network energies resulting from
through-space interaction as a function of
twists around the intercarbonyl C-C bond.
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ence between the m*-orbitals is a maximum for both the cis and the
trans configurations. The lower and upper m* orbitals have an antinode
and a node, respectively, in the intercarbonyl region.

Of the four possible n-7%* transitions in a-diketones, only those
between the two symmetric (ns—ns*) or the two antisymmetric orbital
(nA—wA*), are allowed by molecular symmetry, though they are all atomi~-
cally forbidden, as in monocarbonyl compounds.

It is pointed out here that the ordering of the dicarbonyl MO's may
be altered when through-bond interactions of the two lone-pair (n) orbi-
tals increase. The symmetric lone-pair MO is raised above that of the

antisymmetric MO in some cases.la’ﬁg-72
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Swenson and Hoffmann57 via EHT and CNDO/2 calculations, first
prophesied that interaction between the nonbonding orbitals, n, and
n,, of two carbonyl groups in a dicarbonyl ;ompound would lead to
molecular orbitals with clearly split orbital energies. This should
be true even when ny and n, are widely separately in space. It was

shown that the interaction mechanism is mainly of the "through-bond"

type. That is, the linear combinations
1/2

/2

<, ng = (nl+n2)/(2)
L = )/t
(which differ little in energy as a result of "through-space' inter-
action), can mix strongly witﬁ other o-orbitals of appropriate symmetry.
One important aspect of the through-bond interaction relative to
the through-space interaction is the anomaly of the antisymmetric, A,
nonbonding (nA) level appearing at lower energy than the symmetric, S,
nonbonding (ns) level. This is rationalized via of the through~bond
coupling (interaction). The splitting of the two n orbitals is a re—~
sult of their interaction with some other orbitals.
Consider the case of two lone pairs separated by three interven-~
ing sigma bonds. For brevity consider only the 2-3 o-bond orbitals.
The interaction diagram of the S(n1+n2) and A(nl-nz) combinations of the
lone pairs are shown in figure 5. The levels are classified with
respect to the yz mirror planme which passes through the 2-3 bond.
With respect to this plane the 2-3 ¢ orbital is S and the 2-3 o* level
is A. The four orbitals are allowed to interact. The standard re-

striction is that only orbitals of like symmetry interact with each
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Figure 5
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Figure 5. Schematic orbital diagram of "through-bond" coupling
over the three sigma bonds of cis glyoxal. Inter-~
action between the linear combination n, and

and OS is shown. S
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other., Thus pl+n2, S symmetry, mixes with o and as a result of the
interaction moves to higher energy. Because the oxygen nonbonding
orbitals are at lower energy, any interaction of the S or A nonbonding
orbital with the C-C o* is unimportant. However, the interaction of the
S and A nonbonding orbital with C-C ¢ is prevalent, The symmetric (S)
nonbonding combination is clearly destabilized by this interaction.

The 1-2 and 3-4 ¢ bond yield an S and A pair of o orbitals and an S

and A pair of o* orbitals. In the first approximation the effect on
nl+n2 of having one S lavel below it and one above it will cancel out69.
However increasing the o-bond frame (such as with substituents) may
cause an increase of A and S o orbitals and thus further interactioms

of the S and A nonbonding pairs. However, the direction of the inter-

action 1s unambiguous; n,-n, emerges at lower energy than n The

|

2.
magnitude of the shifts is a function of the overlap of n, *n, with the

I+

o molecular orbitals. The large magnitude of such interactions has

70,66

been confirmed and more recently, the energy ordering has been

49
proven .
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Leonard & Mader have examined the spectra of cyclic diketones of

the type below, with n = 1,2,3,4 and 14.

(@),

For the small rings the carbonyl groups are almost coplanar and have
the cis configuration,and for large n they are again coplanar with the
trans configuration. For intermediate ring sizes, however, the car-
bonyl groups are no longer coplanar. The spectrum depends on the m-
electron interaction of the two groups, which in turn depends on the
angle (the torsion angle) between the planes of the two carbonyl groups.
Two bands with intensities comparable to that of the n-n* absorption of
monocarbonyl compounds are observed in the spectra. See Table 3, The
band at longer wavelengths due to the ns-ns* transition, varies with the
angle of twist about the intercarbonyl bond over a range of 1290 Ao,

but the band at shorter wavelengths, due to the n transition, lies

KA
clsoe to the position of the monocarbonyl absorption, the range of dis-

placement being only 200 A°. 6,7,44

53,54

The studies by Leonard and Maders, along with others have

established the n §g absorption maximum to be no greater than 482 mu
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Table 3

The dependence of the carbonyl absorption band on
the geometry of some cyclic o,B-diketones. A, is
due to the n —ns* transition. Az is due to the
n,-m,* transition.

A A
Torsion o o
o ZnZie . >‘l(A ) AZ(A )
1 0-10° 4660 2800
2 0-60° 3800 2975
3 90-110° 3370 2990
4 100-140° 3430 2955
14 100-180° 3840 2865

for unsubstituted o-dicarbonyls which are not further conjugated with
other  bonds in the molecule (A conjugation of this sort may lower the
1owest.antibonding MO, compared to that of an isolated diketone, and
impart a greater red shift to the n-w* abosrption maximumso. The 482 my
maximum for the saturated specles of course is based primarily on the

extent of the influence of the torsion angle in the long wavelength

spectra.
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Howeﬁer, with the unusual absorption spectra of 3,4 di~t-butyl-
cyclobutaﬁedione (536 mp) reportedl, attention must be placed on the
possibility of other significant bathochromic influences in the n-w#
spectra, The DTCD diketone contains no unsaturated or heteratom sub-
stituent since the 3,4-disubstituted group is an alkyl species. There
has been no significant study on the effect of alkyl groups in the
n-1% absorption spectra, although it is established that alkyl sub-
stituents in the o or B position of other chromophoric groups could
have a significant bathochromic influence in the absorption spectra

(See Chapter I).

This chapter has dealt with the influence of molecular structure of
simple saturated and unsaturated carbonyl and dicarbonyls. From most
previous theoretical and empirical analysis of the carbonyl spectra,
satisfactory interpretation has mainly revolved around energy varia-
tions of the T MO's. However, the n-m% transition of the carbonyl
system, especially the c-diketone system can have significant depend-
ence on the interaction of the nonbonding M0.69—72

It is apparent that a valid theoretical interpretation of the

spectral features of these systems should require an assessment of the

nonhonding molecular orbitals as well as the # and 7 MO's. Therefore an
assessment of the extent to which the molecular orbitals in a diketone
can interact will entail a study of the various effects of molecular
substituents and molecular conformations on the energy of thg respective
MO's. Calculations presented in chapter IV will show the importance of
these effects on n-m* transition energies in 3,4 substituted

cyclobutanediones,
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Chapter IV
Calculations and Results

As mentioned in the preceeding chapter, this study will employ the
Extended Huckel Molecular Oribtal Method in an attempt to gain a better
insight of the unusual n-n* solution spectra of 3,4 di~-t-butylcyclobutane-
dione (DTCD). ~ Attention will be focused on alkyl substitution to the
diketone system since it is the t-butyl addition to the basic 1,2 cyclo-
butanedione structure that is the apparent influence for the abnormally
long wavelength absorption spectra of DICD. Since the alkyl group can
obviously have many possible conformations in solution, it will be neces-
sary not only to study the effects of the substituent on the electronic
network of the diketone system but to consider the effects of various pro-
spective molecular conformations as well.

The method of study is to examine the electronic states of several
selected alkyl-substituted models and to basically focus on the intra-
molecular interac;ions of each. The EHMO method can satisfactorily show
the changes in the nonbonding as well as the sigma (o) and pi () orbitals
in these models. The electronic interactions can occur not only through
spatial overlap but also through the sigma bonds of the molecule which are
appropriately included in the EHMO method. The likely importance of
this inclusion can be detected by examining the contribution of the ¢

bond network to the molecular orbitals of the respective models., The



42
total interaction is reflected in the resulting EHMO's and each model
will be presented in terms of these as well as the total ground state
energy.

The relative effects of the various substituents will be corre-
lated inorder to provide adequate interpretation to the solution ab~-
sorption spectra of DTCD. Since the n-m* transition of each species
is of particular interest; the n and 7% MO's will be examined specifi-
cally. The most favorable conformations for DTCD in solution in terms
of both molecular stability and maximum shift of the n-7m* peak are con-
sidered.

Selected models include different 1,2 cyclobutanedione structures
having various alkyl substituents (with varying conformations) in the
3,4 position of the butane ring. The alkyl substituents used are
methyl, ethyl and t-butyl groups. The study includes the mono- and
di-substituted models but tri- and tetra- substituted models are also
considered for some cases. Primary attention is placed on the trans
isomer; however, cis isomers are studied when sterically allowed.
Various degrees of rotation of the respective substituents are in-
cluded. In adaition to these models, glyoxal models are also investi-
gated. The results of the EHMO calculations are presented in four

separate sections:

(1) Glyoxal Interactions
(2) Methyl Interactions
(3) Ethyl Interactions

(4) T-butyl Interactions

The initial coordinates for the models investigated were obtained,



43
where appropriate, from the crystal structure of tricyclo (4.4.2.0)]"6

dodeca-3,8~diene-11,12-dione (2DB)19. Other needed coordinate portions
were calculated using C-C bond distances and- C-H bond distances of 1.54 A°
and 1.10 A° respectively. All C-C~C, C-C-H and H-C-H bond angles, not
including butane ring angles, were assumed to be tetrahedral. The
atomic coordinates and the corresponding EHMO results are presented for

each system studied.
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(1) Glyoxal Interactions
The cis-glyoxal (gly-120) model, where C~C~H equals 1200, figure
6, is investigated. The gly-120 model has C2V point-group symmetry and

all atoms of the molecule are coplanar in the xz plane.

0(1) 0(2 “
Q 4 (2)
C(1)— ¢(2)
7 N X
H(2) H(1)
y
Figure 6. gly-120 model; C-C-H = 120°

Table 4b shows the atomic coordinates used in the gly-120 calcu-
lations. This common atom-numbering scheme for the identification of
atomic coordinates will be used for subsequent coordinate tables.
Table 4a shows the EHMO energies and corresponding atomic coefficients
for the gly-120 model. The identification and labeling of these is
also typical of subsequent such tables in this study. The EHMO's are
identified as 0, ™ or n. An asterisk suﬁerscript dentoes antibonding.
Absence of the asterisk denotes bonding. The subscript (S or A) de-
notes the symmetrié or antisymmetric symmetry of that MO with respect to
the mirror plane (yz) that bisects the C~C bond of the dicarbonyl.
Point-group symmetries are shown in parenthesis., The MO coefficients
are identified by the atom symbol, number, and atomic orbital respec-
tively. The s,x,y and z stand for the 2s, 2px, 2py and 2pz A0's re-
spectively. The 1s A0 is used for hydrogen in all cases but is not
specified. The coefficients of the respective atomic orbitals can be
studied to determine the electromic distribution in a particular MO,
Only the coefficients with a value greater than 0.1 will be considered

significant contributors.
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Table 4a

(Model 1I)

Selected EHMO's for Glyoxal (gly-120) +

no(sym.)

Energy
(eV)

C..'s

H(2)

- 0(1,s)
C(lgS)
0(1,x)
c(1,x)
0(1,y)
c(1,y)
0(1,z)
c(1,2)

C,. symmetry

2v o
(C~-C-H=120")
%
g (Bz) nS(Al) nA(Bl) oS(Al) nA(Az) oA(Bl)
-11.277 -13.910 -15.703 -17.456 ~-18.123 -18.147
0.0 -0.324 -0, 395 0.131 0.0 0.084
0.0 0.006 0.037 0.043 0.0 0.027
0.0 0.103 -0.153 0.100 0.0 -0.018
0.0 -0.313 -0.020 -0.354 0.0 -0.600
0.0 0.355 -(.009 0.17% 0.0 -0.054
0.334 0.0 0.0 0.0 0.662 0.0
"0. 642 000 000 0.0 00150 000
0.0 -0.240 -0.451 0.464 0.0 -0.253
0.0 0.226 0.269 -0,153 0.0 -0.134
+Symmetry related values are not shown.
This is typical for all tables
Table 4b
Atomic Coordinates for gly—lZO(Ao)
(Model I)
X y z
o(1) ~1.624 0.0 2,368
0(2) 1.624 n0.0 2,368
cQ) -0.775 0.0 1.533
c(2) 0.775 0.0 1.533
H(1) 1.325 0.0 0.580
H(2) -1.325 0.0 0.580
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The n and w* MO's of interest are the highest occupied (HOMO)
and lowest empty molecular orbitals (LEMO), respectively. This is the
case for all diketone models studied here. The HOMO is always identi-
fied as the symmetric combination of two lone-pair orbitals from the
oxygen atoms, delocalized someﬁhat over neighboring atoms. The coef-
fictents of the A0's of the HOMO, ng, are such that the resulting con~
tributing orbitals are nearly perpendicular to the carbonyl bonds and
coplanar with the diketone. This MO is symmetric to reflection in the
plane (xz) of the paper. In each case there are significant contribu-
tions from the 2px and 2pz AO's of both the carbonyl carbon and carbo-
nyl oxygen. Contributions, although usually small, also arise from
several other basis functions. In the case of glyoxal, the hydrogen ls
A0 has substantial contribution. Overall, the HOMO is interpreted to
be a molecular orbital arising from the interaction of two lone~ pair
2p AO's of the oxygens through the C-C bond of the carbonyl carboms.
The HOMO no longer has the appearance of an isolated nonbonding atomic
orbital, since it is clearly delocalized. All~valence-shell as well as
ab initio calculations of other molecular systems have also shown the
liberal delocalization of lone-pair orbitals.55’56’57

The LEMO, 7.*, is centered on the diketone. This MO has its major
contribution obtained from the 2py AO's of t?e two carbonyl carbons with
significant contribution from the 2py AO's of the carbonyl oxygen.
This MO is of an antibonding nature and is antisymmetric to reflection
in the plane of paper (xz).

The symmetry-allowed n-m%* transition from the HOMO (ns) to the LEMO

(ﬂs*) is the n~-m* transition of particular interest.
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From chapter III it was establishéd that for the electromic
network of a simple dicarbonyl there are generally two nonbonding
MO's (nS & nA) and there are four ™ MO's: two bonding (hs & ﬂA) and
two antibonding MO's (ﬁs* & NA*). For an EHMO system, where the sigma
bonds are included, sigma MO's also appear.

The HOMO and LEMO of each diketone system are much closer in
energy to the lower occupied MO's than to higher unoccupied MO's, It
is interesting to note that the orbitals closest in energy to thé n and
m% MO's with the proper symmetry for mixing are the lower, occupied O
orbitals. Any interaction between either an isolated n or an isolated
m* orbital with these MO's would result in the destabilization of
either orbital, since when two isolated states are allowed to interact,
the level of higher energy is destabilized.

The cis~glyoxal system with sp2 hybridized angles similar‘to those
of the cyclobutanedione structure is also investigated. This investi-
gation clearly reveals the sensitivity of the MO's to conformationas
changes. Table 5a presents the EHMO results for cis-glyoxal, where
angle C,-C,-H, equals 90° (gly-90). See Figure 7 . Table 5b shows
the coordinates used . From these results, the importance of the sigma

network to the intramolecular interactions of the glyoxal system is

forthcoming.
z
0(1)\ //0(2)
\ .
c(1)—¢(2) x
; l y
H

Figure 7, gly-90 model; C~C-H = 90
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Table 5 a
(Model II)

Selected EHMO's for Glyoxal (‘gly-90)

sz symmegry
(C-C-B=90")

MO (sym.) e (B ) n (Al) nA(Bl) o (Al) oA(Bl) w (AZ)

Energy -11.277 -=13.406 -15.298 -17.807 -18.078 -18.123
(eV)

H(2) 0.0 -0.282 0.423 -0.165 0.049 0.0
0(1,s) 0.0 -0.019 ~0.027 -0.060 0.019 0.0
c(l,s) 0.0 0.126 0.195 -0.048 -0.007 0.0
0(1,x) 0.0 -0.325 -0.016 0.309 -0.578 0.0
c(1,x) 0.0 0.413 -0.002 -0.146 -0.064 0.0
0(1,y) 0.334 0.0 0.0 0.0 0.0 0.662
c(1,y) ~0.642 0.0 0.0 0.0 0.0 0.151
0(1,2) 0.0 -0.176 0.378 -0.500 -0.323 0.0
c(1,2) 0.0 0.246 -0.304 0.121 -0.128 0.0
TEE = -473.009 eV
Table 5b
Atomic Coordinates (AC) for gly-90
(Model II)
X y z
0(1) -1.624 0.0 . 2.368
0(2) 1.624 0.0 2.368
c(1) -0.775 0.0 1.533
c(2) 0.775 0.0 1.533
H(1) 0.785 0.0 0.432

H(2) -0.785 0.0 0.432
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The n-7% transition of the glyoxal is significantly altered, in

changing the hybridized angles to that of gly-90. The n-n* transi-
tion is shifted from 2,633 eV to 2,129 eV, This red shift is caused
totally by the greater destabilization of the HOMO (n), relative to
the LEMO (ns*), as depicted in figure 8 .

The "strained" 90° hybridized angle of gly-90 alone should be ex-
pected to cause destabilization of the molecule, since a sp2 hybri-

42 This is reflected in the total

dized angle is generally 120°,
energy of gly-90 (-473.019 eV) relative to gly-120 (-474.277 eV).
Destabilization 1s observed throughout the bonding MO's, The MO's
most affected are the HOMO and Og MO, The HOMO is destabilized by
approximately 0.5 eV; the g MO is stabilized by approximately 0.4 eV.

The manipulation of the C bond angle, which is part of

17078
the carbon spz hybridized network, should indeed affect the sigma

MO's as well as the nonbonding MO. The carbon sp2 hybrid system
(which includes carbon 2px and 2pz) as well as the hydrogen 1ls orbi-
tal contribute significantly to the sigma bonds as well as to the non-
bonding hybrid. The C-H, C-C, and C~0 sigma bonds are all formed

from the carbon sp2 hybrid network. The variation of the C-C-H angle
can basically be described through the change of the sigma and non-
bonding network portions of the glyoxal model. From figure 6, it can
be seen that the ™ MO's of the two systems (gly-90 & gly-120) are
identical in energy. That is, the change in the hybridized angle
causes no change in the pi network energies of the glyoxal systeﬁ.

The destabilization of the n MO is apparently caused by sigma

network interactions. One interesting observation is that the glyoxal
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Figure 8.
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sp2 orbitals in gly-90 reveal greater contribution from the carbonyl
carbons (C1 & Cz) to the nonbonding hybrid than in the gly-120 system.
This increases the opportunity for interaction of the nonbonding MO
with substituents on the carbonyl carbon.

The gly-~90 has two sigma MO's (US & OA) between the HOMO aﬁq
highest energy m bonding MO (ﬂA). The gly-120 has only one such ﬁp
(os) in the parallel case. This increases the opportunity foxr ingg;—

*
actions involving the sigma network with the m or m MO's.

01y 0@
Ne)y—c(2)

I

H(2) H(3)

Figure 9. CBD Model & numbering scheme

The next system investigated in 1,2 cyclobutanedione (CBD). In
essence, this is a glyoxal with an ethane ' substituent (03 & Ca)that
defines a butane ring with the glyoxal system, figure 9 above. The
coordinates were obtained from the 2DB crystal structureSA, and are
listed in Table 6b. The diketone and butane ring portions are coplanar
(xz). The EHMO results are presented in Table 6a.

A destabilization (relative to the gly-120 or gly-90 systems) for

the n and ™ MO's of CBD is observed. The energy of the nonbonding MO
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Table 6a

(MOdel IIT)

Selected EEMO's for CBD

MO(sym.)
Energy(eV)

C..'s
i

H(L)

H(2)

0(2,s)
c(2,s)
C(3,s)
0(2,x)
C(2,x)
C(3,x)
0(2,y)
c(2,y)
c(3,y)
O(Z,Z)
€(2,2)
c(3,2)

o(1)
0(2)
c(1)
c(2)
c(3)
c(4)
"HQ)
H(2)
H(3)
H(4)

(CZV‘symmetry)

1.298

* .
L (Bz) nS(Al) nA(Bl) GS(Al) °A(A2)
~10.907 -12.857 ~13.724 -=14,089 -~14,891
~0,134 -0.081 0.147 -0,143 -0.335
0.134 -0.081 0.147 -0.143 0.335
0.000 0.020 0.035 0.028 0.000
0.000 -0.091 -0.205 -0.084 0.000
0.000 0.0666 -0.043 0,082 0.000
0.000 - 0,284 0.005 0.059 0.000
0.000 -0.389 0.031 -0.056 0.000
0.000 0.034 -0,010 0.536 0.000
-0.319 0.000 - 0,000 0.000 0.074
0.638  0.000  0.000  0.000 -0.064
-0.055 0.000 0.000 0.000 -0.381
0.000 0.178 -0.266 -0.101 0.000
0.000 -0.278 0.313 0.060 0.000
0.000 0.298 -0, 440 -0.126 0.000
TEE = -649,764 eV
Table 6b
Atomic Coordinates (A%) for CBD
(Model III)
X y 2
-1.624 0.0 2.368
-1.624 0.0 2.368
0.775 0.0 1.533
-0.775 0.0 1.533
-0.786 0.0 0.0
0.786 0.0 0.0
-1.298 0.883 . =0.408
-1.298 -0.883 -0.408
1.298 -0.883 -0.408
0.883 -0.408
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is increased by 1.05 eV and the w* energy is increased 0.37 eV rela-
tive to the gly-120 system; The same MO's are increased by 0.55 eV
and 0.37 eV respectively, relative to the gly-90 system. In both com-
parisons a significant interaction is implied for the n and 7% MO's of
CBD with the predominant interaction involving the nonbonding MO. The
over~-all relative effect is a red shift in the n-~w* transition for the
CBD system.

The energy of the 7 bonding MO's (nA & ws)bdoes not change
significantly on going from the glyoxal systems to that of CBD (i.e. an
energy change of less than 0.015 eV ). The destabilization of the n and
7% MO's 1s apparently caused by interactions of the sigms bonding system.
See figure 10. Close scrutiny of the MO's support this assertion. There
are 5 sigma (o) MO's between the HOMO and the highest energy m bonding

MO, The highest of these, Ogs is within 1.5 eV. of the HOMO. For

A*
the previous models studied, no o MO fell within this 1.5 eV range.
The sigma-interactions in the CBD system are enhanced accordingly.

The contribution to the HOMO (ns) from the Carbon 2px and 2pz of
Cl & C2 is increased in the CBD system relative to glyoxal. The increase
is largest in the 2pz direction. This gives the n MO more of a com-
ponent in the z direction, and increases the chance for overlap of the
nonbonding MO with carbonyl substituents, especially in the 03 & 04
positions. Furthermore, the CBD nonbonding delocalization is signifi-
caﬁtly extended to the two carbon substituents (03 & C4). The signifi-
cant contribution comes primarily from the carbon 2pZ atomic orbitals
(CB,z & C4,z)' This observation furtﬁer implicates through-bond inter-
action of the nonbonding and sigma nétworks. The nonbonding-~sigma MO
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interactions result in the increased delocalization of the hybrid-
nonbonding MO throughout the CBD ¢ system.

‘The destabilization of the ™ M0 is also due to its interaction with
the 0 bond network., This is further realized from the delocalization of
the m* system with the CBD system. For the glycxal system, the only con-
tribution to the 7% MO was from the carbonyl carbon and carbonyl oxygen,
and exclusively from the 2py atomic orbitals. For CBD, however, signifi-
cant contribution to the ™ MO is observed for the atomic 1ls orbitals of

3
the m* MO is probably due to interactions of the dicarbonyl 7 system with

the four hydrogen substituents (Hl’ H2, H, & H4). The destabilization of

the hydrogen orbitals such as those shown in figure 11. The bulk of the

m* MO is located on the carbonyl carbon, which may facilitate the inter-

action.

mm'lo
~ O

for}
3\”
4 I
]

Figure 11. Depiction of probable interaction of
CBD 7 system with hydrogen orbitals.
(yz projection)
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While the ethane substituent (,C3 & Cé) in a bonding relation
to the glyoxal,increases the delocalization of the system's MO's, it
will be of considerable interest to observe the interaction of a methane
group and a diketone system in a through-space capacity (i.e. at a dis-
tance too large for intramolecular bonding but in close proximity for
significant interaction). This is especially interesting since in the .
case of a system such as DTCD orientation of the tertiary butyl groups
may allow for significant methyl through-space interactions betweenl
methyl groups and the diketone network.

The intermolecular interaction of the glyoxal systems (both gly-
120 & gly-90) with methane molecules is studied. The purpose of this
calculation is to consider the influence of through-space interactions
on the n and 7% MO's, The distance of the methane molecule from the
glyoxal is chosen to be approximately 1 1/2 C-C bond distances. It is
situated much the same as a methyl on the DTCD t-butyl group, figure
12, (The t-butyl orientation presenting the shortest methyl distance to
the glyoxal is used, assuming normal tetrahedral angles). This, of
course , would allow for maximum interaction., Interactions are studied
using one and two methane groups respectively. The two methane groups
are situated in a trans position to the glyoxal. Table 7a shows the
EHMO results for the gly-90 molecule interacting with the two isolated
methanes and table 7b presents the corresponding coordinates. Table 8
summarizes the results for the interactions. For other results, see
Appendix Guide, Page 156. For both the gly-90
and gly-120 a blue shift of the n~T* transition occurs for this type of

interaction. The n-m AE increases from 2.13 eV for gly-90 to 2.24 eV
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Figure 12a
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Figure 12: a)

A

illustrates the relative position of

the methanes (C, & C,) to the glyoxal

system,

Dashed™lines outline a t~butyl.

b) shows atomic orbitals making major
contribution to the LEMO of gly-90 and

methane system.
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Table 7a

Selected EHMO's for Glyoxal Interactions

Models: V & VII

Cy Symmetry
Model V- Gly-120 with two methanes
Model VII:Gly-90 with two methanes

Model V % Model VII

MO (sym. ) nS*FB)"' a &) n,(B) g (B g (A  n,(8)

Energy -11.048 -=13.697 ~14,696 -11.052 -=13.298 -14.607
(eV)

)

Ci] s

H(2) -0.028 0.320 -0.290 0.0310 -0.283 -0.338
H(3) -0.036 0.029 -0.130 0.036 -3,019 -0.131
H{4) -0.012 0.060 -0.177 0.011 -0,028 -0.144
H(5) 0.058 -0,026 0.153 -0.057 0.008 0.141
H(6) 0.039 -0.111 0.199 -0.038 0.072 0.171
0(1,s) -0.004 -0.002 0.015 0.006 -0.020 0.008

c(1,s) -0.011 -0.082 ~-0.122 0.012 0.118 -0.159
C(3,s) 0.029 -0.019 0.031 - -0.029 0.v12 0.031
0(1,x) 0.001 0.284 0.002 -0.002 -0.313 0.021
C(1,x) 0.011 -0.338 0.029 -0.008 0.404 0.028
C(3,m) 0.043 -0.045 0.131 -0.043 0.032 0.132
0(1,y) 0.311 0.031 -0.117 -0.311 -0.010 -0.108
C(,y) -0.647 -0.015 0.045 0.647 0.010 0.045
C(3,y) -0.067 0.104 ~-0.276 0.066 -0.063 -=0.243
0(1,2) -0.008 0.230 -0.239 0.004 -0.173 -0.228
C(1,2) 0.022 -0.239 0.207 -0.020 0.252 0.247
Cc(3,2) 0.061 0.074 -0.005 -0.060 -0.066 0.003

TEE = -756.505 eV



59

Table 7y

0(1)
0(2)
C(1)
C(2)
c(3)
c(4)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)

H(10)

Atomic Coordinates (Ao) for

Model V
.3 pA 2
-1.624 0.0 2.368
1.624 0.0 2.368
-0.775 0.0 1.533
0.775 0.0° 1.533
-2.014 2,135 0.600
2.014 -2,135 0.600
1.325 0.0 0.580
-1.325 0.0 0.580
-3.108 2.228 0.537
-1.548  3.129 0.526
-1.737 1.656 1.551
-1.659  1.509 -0.232
3.108 =-2,228 0.537
1.737 -1.656 1.551
1.548 -3,128 0.526
1.659 -1.509 -0.232

Models V & VII

Model VII
E: pA 2z
-1.624 0.0 2.368
1.624 0.0 2.368
-0.775 0.0 1.533
0.775 0.0 1.533
-2.014 2,135 0.600
2.014 -2.135 0.600
0.786 0.0 0.433
-0.786 0.0 0.433
-3.108 2.228 0.537
-1.548 3.128 0.526
-1.737 1.656 1.551
-1.659 1.509 -0.232
3.108 -2.228 0.537
1.737 -1.656 1.551
1.548 —3.i28 0.526
1.659 -1.509 -0.232
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Table 8
SUMMARY OF GLYOXAL —METHANE

INTERMOLECULAR INTERACTIONS

(EHMO energy values for the four through-
space glyoxal-methane interactions)

Compound No. of

Glyoxal Model No. Methanes LEMO(eV) HOMO(eV) TEE(eV) ngg*
gly-120 I 0 -11.278 -13.910 =~474,277 2,632
gly-90 1T 0 -11.278  -13.406 ~473.009 2.128
gly-120 v 1 -11.167 -13,788 -615.394 2,621
gly-90 VI 1 ~11.170  -13.348 -614.273 2.178
gly-120 v 2 -11.049 -13.697 ~756.505 2,648

gly-90 VII 2 ~11.052 -13,298 ~755,535 2,246
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when through-space interaction with the methane groups are included.
Althéugh the n & ™ MO's are both destabilized, the blue shift is caus-
ed basically by the destabilizatipn of the w* (LEMO). The increase of
energy of the LEMO (0.226 eV) is more than twice that of the nonbonding
MO (0,108 eV). The reason for this can be seen in figure iDb, which
shows the hybridized atomic orbitals making contribution to the LEMO.
The major contributors are the 2py atomic orbitals of the carbonyl
carbon and oxygen. Some contributions from the 2py and 2pz ao's of the
"extended" methan carbons are also observed. The position of the me-
thane group relative to the glyoxal allows for a greater interaction with
the m* MO than with the nonbonding MO (n). The 7% MO, which is located
predominantly on the carbonyl carbon and points along the y axis, is
more accessable for interaction. The n MO on the other hand is in the
xz plane which minimizes its chance for interaction..

This effect is in agreement with another theoretical study in-
volving EHMO calculations of glyoxal-ethane and glyoxal-ethylene inter-
molecular interactionsss. In that study, both the ethane and ethylene
species caused destabilization of the n & m* MO's, In both cases,
however, the greatest destabilization was in the LEMb and a blue shifted
n-m* transition was predicted. Application of HMO and SCF Mo'methods
also predicted a blue shift in the n~7* transition due to the diketone-
ethylene interactionss.

Through—-space interactions for CBD with one and with two isolated
methane groups is also investigated. The positioning of the methane (s)
relative to the diketone portion of CBD is the same as that used for the

gly-90 - methane interactiohs, figure 13. The methane groups are located
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Figure 13 depicts the atomic orbitals making major
contribution to the LEMO of the CBD~2 methane
interaction. The methane groups (C. & C,.) are

trans to the CBD model. The dashed

ines reveal

their position relative to a t-butyl group.

Table 10

Selected EHMO energy values for CBD-methane through-

space Interactions.

%
No. of Compound  LEMO HOMO n-m
Methanes No. (eV) (eV) TEE (eV) AE
0 III -10.907 -12.857 ~649.764 1.950
1 VIII ~10.873 -12.849 -789.,622 1.976
2 IX -10.840 -12.339 -929.475 1.999
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to correspond to the appropriate parts of the‘t-butyl network of DTCD.
The CBD and two-methane system typifies the results, Figure 13 illu-
strates the CBD interactions with the two methanes by depicting the
atomic orbitals making major contributions to the LEMO. Table 9 shows
the EHMO results for the CBD and two-methane system and the corre-
sponding atomic coordinates.

The CBD-methane interactions show much the same effects on the n
and T* MO's as the previously studied through-space interactions of the
glyoxal-methane systems. The n and T* MO's are again both destabilized
with the T™ MO being the most affected. The HOMO increases in energy
by approximately 0.02 eV while the LEMO increases by approximately
0.07 eV, relative to the isolated CBD.

While the through-space interaction of CBD (in terms of n & n¥
energies) is somewhat less than that of the glyoxal system, the quali-~
tative effects are identical. As in the parallel case for the gly-90 -
methane system, the position of the methan group to CBD allows for more
interaction of the m* MO than for the n MO, As expected, the
n-1% blue shift due to the CBD-methane interactions is due primarily to
the effect on the LEMO. Table 10 shows the LEMO and HOMO results for
the two calculations. Table 37, appendix 1lists the EHMO results for
the one methane interactions. The corresponding atomic coordinates are

in table 54..
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Table 9a

Selected EHMO's for CBD Interaction

Model IX: CBD & two methanes

C2 symmetry
MO (sym.) ﬂs*(B) nS(A) US(A) nA(B)
Energy (eV) -10.840 -12.839 -13.204 ~13.640
C..'s
ij

H(2) 0.127 0.090 -2.067 -0.166
H(3) -0.127 0.041 0.302 -0.103
H(5) -0.026 -0.014 0.172 0.013
H(6) 0.046 -0.022 -0.003 0.079
H(7) -0,005 0.036 -0.168 -0.045
H(8) -0.019 0.9 -0,135 -0.056
0(2,s) 0.001 -0.021 -0.006 -0.031
c(2,s) 0.9203 0.081 0.072 0.202
C(3,s) 0.006 -0.066 -0.014 0.057
Cc(5,s) -0.013 0.008 -0.056 -0.015
0(2,x) 0.001 -0.275 -0.076 -0.007
c(2,x%) -0.003 0.382 0.077 -0.036
C(3,x%) -0.005 0.014 -0.373 0.000
c(5,:x) -0.070 -0.070 0.703 -0.071
0(2,y) -0.314 -0.004 -0.001 0.015
c(2,y) 0.640 -0.001 0.036 -0.006
Cc(3,y) -0.041 -0.033 0.251 0.048
c(5,y) 0.015 -0.052 0.204 0.077
0(2,z) 0.002 -0.179 0.015 0.252
c(2,z) -0.008 0.283 -0.018 -0.311
c(3,z) 0.007 -0.305 0.027 0.427

c(5,z) ' -0.018 0.010 0.051 -0.041
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Table 9b

Atomic Coordinates (A°) for Model IX

Model IX: CBD & two methanes

X y z
o1y 1.624 0.0 2.368
0(2) -1.624 0.0 2.368
c(1) 0.775 0.0 1.533
c(2) ~0.775 0.0 1.533
c(3) -0.786 0.0 | 0.0
c(4) 0.786 0.0 0.0
c(5) -2.014 2.135 0.600
c(6) 2.014 ~2.135 0.600
H(1) 1.298 0.883 ~0.408
H(2) -1.298 ~0.883 ~0.408
H(3) -1.298 0.883 ~0.408
H(4) 1.298 ~0.883 ~0.408
H(5) ~2.369 2.759 1.433
H(6) ~2.288 2.605 -0.355
H(7) ~2.475 1.139 0. 666
H(8) -0.920 2.036 0.656
H(9) 2.369 ~2.760 1.432
H(10) 2.288 ~2.606 ~0.355
H(11) 2.475 -1.138 0.666

H(12) 0.920 -2.036 0.656
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(2) Methyl Interactions

This particular phase of the investigation will focus on the intra-
molecular interactions of the 1,2 cyclobutanedione (CBD) model, with
methyl substituents in the 3,4 position of the butane ring. Arbitrary
rotations of the methyl substituents are made in order to observe the

effeéts of wvarious molecular conformations of the methyl group on the

molecular orbital energies of the CBD system. The positive direction of

rotation is clockwise when viewed down the axis of rotation toward the
substrate. The eclipsed conformation of the substituent is referenced
as the zero degree angle of rotation, while its staggered conformation
is considered a 60 degree rotation. Since each methyl (or alkyl) sub-
stituent can have three points of reference, the point representing the
smallest positive angle of rotation is used., For instance, the stag-~
gered conformation of the methyl group in figure l4a can have

o

a 60, 180° or a 300° angle of rotation when referring to H,, H, or H

1 72 3
respectively. Atoms C(2), C(3), and C(5) define the zero plane of re-~
ference. Hl’ rotated 600, has the smallest positive angle of rotation
and is therefore used to designate this conformation. H2 and H3 ex-
hibit rotation angles of 180° and 300° respectively. Similarly, the
eclipsed conformation will be designated as 0°, figure 14b.

Mono, di, tri and tetra substituted models are studied in order to
determine the effect of poly substitution of the methyl group. The re-

sults of the various models investigated are categorized according to

the number of methyl substituents and will be reported under the

following headings: .
(a) mono-substitution
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N

Figure l4a

e et o - - . = S —

Figure 14b

Figure 1l4: a) view along C -C3 bond of the staggered
configuration of a methyl group on 03 of CBD. c3 is
eclipsed by CS' o
b) 0 (eclipsed) conformation of methyl
substituent .
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(b) di-substitution
(c) tri~-substitution

&
tetra~substitution

(a) monosubstitution
For the mono substituted systems, the methyl substituent was in
either an eclipsed (Oo) or staggered (600) conformation. The two
different models thus derived will be respectively referred to as M1

and M, and are seen in figure 714, The EHMO results and corresponding

2
atomic coordinates are in tables 112 & 11b.

The molecular orbital network of both models reveals a destabili~
zation of their respective n and w* MO's relative to the CBD system.
By the same comparison, the n MO for Ml increases in energy approxi-
mately 0.11 eV,'while the 7% MO increases 0.05 eV. The same two MO's
for model M2 increas 0.11 eV and 0.04 eV respectively. The n MO is
obviously the MO most affected, having an increase in energy of over
twice that of the w% MO in both cases. Again the predicted red shift
of the n~m* transition of both systems is due largely to interactions
of the nonbonding MO hybrid. The 7 bonding MO's of.Ml and M2 are
practically identical to those of the CBD system, therefore the methyl
orbitals have mixed significantly in the n MO but negligibly in the
m-bonding MO's. The nonbonding MO interactions are enhanced by the
presence of seven sigma MO's that lie between the HOMO and the m-bonding
MO's for M, as well as for M,. Og lies within 1.5 eV of the n

1 2
The HOMO for M

S MO,

1 and M2 reveals an increase in delocalization of that

MO relative to the CBD system. The delocalization is extended through



69
Table 11a

Selected EHMO's for Models X & XI

Model X: Mono-substituted Methyl-
CBD ( eclipsed)

Model XI: Mono-substituted Methyl=-
CBD (staggered)

Cl Symmetry
Model X Model XI
TEE = -755,576 eV TEE = -755.681 eV
% % '
MO (sym.) g (a) nS(A) nA(A) L (A) nS(A) nA(A)

Energy -10.856 -12.743 -13.477 -10.868 12.751 -13.483
(ev)

C.,'s
i

H(1) -0.130 0.108. 0.121 -0.129 0.074 -0.069
H(2) -0.130 0.049 -0.145 0.129 0.046 -0.157
H(3) 0.130 0.049 -0.145 -0.130 0.102 0.106
H{4) . 0.022. 0.079 0.032 -0.036 -0.132 -0.144
H(5) -0,015 -0.085 -0.156 -0.001 0.027 0.032
1(6) -0.030 -0.076 -0.040 0.015 0.021 -0.055
0(1,s) -0.001 -0.025 -0.034 -0.001 -0.025 -0.034
0(2,5) 0.000 -0,015 0.027 -0.000 -0.014 0.029
C(l,s) - 0.007 0.118 0.174 0.006 0.117 0,173
c(2,s) -0.006 0,048 -0.184 -0.004 0.050 -0.189
c(3,s) 0.005 =0.057 -0.010 0.005 -0.057 -0.007
C(4,8) 0.002 -0,057 0.025 -0.001 -0.058 0.030

C(5,s) 0.042  0.026 0.045 0.041  0.027  0.044
0(1,x) 0.005  0.268  -0.055 0.004  0.269 -0.056
0(2,x) -0.006 ~0.269 0.061  -0.004 -0.270 0,062
C(1,x) -0.007 -0.364 0.106  -0.006 -0.366 0,107
C(2,x). 0.011  0.380  -0.046 0.008  0.381 ~0.047
C(3,x) -0.009 -0.057 -0.173  -0.013 -n,058 =-0.153

C(4,x) -0.003  0.042 10,137 0.003  0.039  0.112
C(5,%) ‘0,050  0.055 0.163 0.072  0.053  0.l44
o(1,y) 0.321 -0.011  -0,005 0.321 -0,008 -0.005
0(2,y) 0.310 -0.027  =0.058 0.312 -0.023 -0.037

c@1,y) -0.646  0.017 0.008  -0.645 0,013  0.008
C(2,y) -0.626 0.039 0.047  -0.628  0.034 ~ 0.050

c(3,y) 0.076 0.037 . 0.106 0.078  0.042 - 0.120
C(4,y) 0.053 -0.005 -0.032  0.052 -0.010 -0,037
C(5,y) -0.117 -0.089  -0.152 0.117 -0.097 -0.172°

0(1,2) 0.001 -0.132 0.285 0.001 -0.134 0.283
Qr2,2) -0.009 -0.206 -0.156 0.006 -0.206 -0.165
Cc(1,z) -0.001 0.219 -0.342 0.001 0.221 -0.342
C(2,z2) 0.019 0.327 0.204 0.014 0.326 0.210
C(3,z) 0.028 -0.373 -0.316 -0.022 -0.368 -0.211
C(4,2) 0.001 -0.219 0.477 0.003 -0.221 0.475
C(5,2) 0.089 0.127 0.158 0.069 0.122 0.162
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Table 11b

Atomic Coordinates (A°) for Models X & XI

0(1)
0(2)
c(1)
c(2)
c(3)
c(4)

c(5)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)

Mono-substituted methyl~CBD

Model X

X y z
1.624 0.9 2.368
-1.624 0.0 2,368
0.775 0.0 1.533
-0.775 0.0 1.533

-0.786 0.0 0.0

0.786 0.0 0.0
-1.497 1.259 -0.578
-1.285 ~0,891 -0.409
1.285 -0.891 -0.409
1.285 0.891 ~0.409
-1.845 1.887 0.254
-2.354 0.937 -1.189
-0.783 1.819 -1.200

Model XI

b3 y 2z
1.624 0.0 2.368
-1.624 0.0 2,368
0.775 0.0 1.533
-0.775 0.0 1.533

-0.786 0.0 0.0

0.786 0.0 0.0
~-1.497 1.259 -0.578
1.285 -0.891 -0.409
1,285 0.891  -0.409
-1.285 -0.891 -0.409
-1.476 1.208 -1.677
-0.968 2,159 -0.234
-2.538 1.276 -0.223
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the ¢ network of M1 and MZ’ The predominant contribution comes from
2pX and 2py of the carbonyl carbon and oxygen, while significant con-
tribution comes from the 2pz atomic orbitals of carbons 3, 4 and 5
respectively. The presence of the methyl substituent apparently causes
further interaction of the sigma-nonbonding MO's and consequently in-
creased delocalization.

Whereas the eclipsed and staggered orientation of the methyl group
cause similar n-m* shifts of the diketone species, the staggered con-
formation is predicted to be the most stable from the Extended Huckel

total electronic energies (TEE). Ml has a total electronic energy

of -755.576 eV while M2 has a value of -755.681 eV,

(b) di-substitution
For the di-substituted systems both cis and trans isomers are

investigated. Several degrees of rotatiom of the methyl groups are
studied. The rotation angles selected are: 0°, 30°, 60° and 90°.

Five different configurafion‘of the di-substituted models are consider-
ed. They are labeled: Dl’ D2, D3, D4 and D5. The configurations are
categorized by the rotation angle of one methyl group while CS or C2
symmetry is maintained. For the D5 ﬁonfiguration, however, the

"second" methyl group is rotated 60° out of symmetry. Table 12 sum~

marizes the total energies & n-n* transitions of the 10 calculations.

The trans isomer is the most stable for each configuration (Dl,Dz,etc.)
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Table 12:

3,4

Selected EHMO results for Cis and Trans

dimethyl - CBD. Various methyl ro-
tation angles are studied.

Cis isomer Trans isomer
Config- Methyl Model TEE(eV) n-m¥% Point Model TEE(eV) n-m¥ Point
uration  rotation NO. AE(eV) group No. AE(eV) rou
D, 0° XII -861.12 1.884 c, XITI -861.38  1.865 c,
D, 30° XIV -861,16 1.869 C, XV -861,40 1.859 c,
D, 60° XVI -861.48 1.871 c, XVII -861.73 1.855 c,
D, 90° XVIII -861.38 1.893 Cg XIX -861.52  1.869 c,
Dt 90° . XX -861,38 1,877 ¢, XXI -861.46 1.862 ¢y
+ For the D_. configuration one methyl group

is rotatea

60° out of symmetry.



73

studied, and the configuration having the lowest total electronic
energy (LTEE) for both the cis and trans isomer is the D, model
(60o rotation). The EHMO calculations of the D3 model typify the
results for all configurations sufveyed and will be the case=-in-point
for this section. EHMO results and corresponding atomic coordinates
for the D3 configuration for both the cis and trans isomers are listed
in tables 13 and 14, For other results, see Appendix Guide,
Page 156.

In comparison to the CBD system, the 7% MO of the cis—D3 model has
a 0,08 eV increase in energy; its n MO energy is increased 0.16. The
same MO's of the trans-D, model'increase 0.08 eV and 0,18 eV, respec-
tively. The enrgies of the 7% and n MO's are increased for all 10 di-
substituted models, relative to CBD, and the increase is approximately
2 to 1 in favor of the nonbonding MO. The energy values of the n and
m* MO's vary slightly for each model. The n-m% transitions of the
trans configurations fluctuate within 0,01 eV, while the cis configu-
rations exhibit a 0.03 eV range. This larger variation for the cis
isomer is probably due to some through-space interactions of the ad-
jacent methyl groups. For the trans isomer, this effect is less im-
portant. However, over—ali, di-substitution createS a bathochromic
shift of the n-n* transition, in relation to the CBD system as well as
to the mono-substituted systems., This observed destabilization of the
n and ™ MO's of the di-substituted system relative to the CBD system is
evidence of the effect of substituent interaction on these MO's,

The m bonding MO's of the di-substituted system are practically

identical in energy to those of the CBD system (i.e. an energy change
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Table 13

Selected EHMO's for CBD with cis di-Methyl Substitution (60° rotation)

Model XVI
CS Symmetry
TEE = -861.480 eV

MO (sym) ﬂg(A") nS(A') nA(A") GS(A') UA(A")

Energy (eV) -10.828 -12.699 -13.216 ~13.517 -13.903

C..'s

L]

H(1) -0.126 0.090 0.067 0.123 0.309
H(6) -0.034 ~0.104 -0.170 0.032 -0.062
H(7) 0.015 0.023 0.001 -0.201 0.049
H(8) -0.001 0.021 0.020 0.036 0.199
0(l,s) -0.00L ~0.019 0.031 -0.023 0.009
c(1,s) 0.002 0.079 ~0.183 0.073 -0.064
c(4,s) 0.004 ~0.052 ~0.008 -0.057 -0.051
c(6,s) 0.040 0.018 0.046 0.023 -0.032
0(1,x) 0.007 0.268 ~0.001 0.040 0.000
C(1l,x) -0.013 ~0.374 ~0.033 -0.035 -0.012
c(5,x%) 0.015 0.038 0.034 0.510 -0.026
Cc(6,x) -0.071 -0.030 -0.110 -0.185 0.079
o1,y 0.314 ~-0.022 ~0.028 -0.017 0.055
c(l,y) -0.634 0.034 0.038 0.027 -0.066
C(4,y) 0.075 0.021 0.124 0.058 -0.342
C(6,y) -0.112 -0.065 -0.170 -0.117 0.314
0(1,2z) -0.004 ~0.173 -0.214 0.084 ~0.088
c(1,z) 0.011 0.281 0.280 -0.061 0.102
C(4,2) -0.017 -0.304 -0.406 0.104 -0.105

C(6,2) 0.065 0.089 0.181 0.008 -0.003
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TABLE 14

Selected EHMO's for CBD with trans di-methyl Substitution (60° rotation)
Model XVII(C2 Symmetry)
TEE = -861.576 eV

*
MO (sym) m (B) nS(A) ny (B) GS(A) CS(B)
Energy (eV) -10.826 -12.681 jl3.292 -13.369 -14.110
C..'s
5
H(1l) 0.126 0.067 0.146 -0.002 -0.325
H(6) ~-0.036 -0.107 - 0.171 0.030 ~0.027
H(7) 0.016 0.016 -0.016 -0.206 0.062
H(8) -0.001 0.018 -0.044 0.003 -0.183
0(1,s) -0.001 -0.020 0.032 ~-0.018 0.015
Cc(1,s) 0.009 0.079 -0.194 0.056 ~0.053
C(4,s) -0.005 -0.051 -0.019 -0.036 0.077
C(6,s) ~-0.040 0.025 0.031 0.046 0.034
0(1,x) -0.000 0.266 -0.002 0.010 ~0.073
C(1,x) 0.002 0.372 -0.035 0.000 0.072
C(4,x) -0.009 0.053 0.028 0.456 -0.219
C(6,x) 0.070 -0.050 -0.072 -0.223 -0.013
o(1,vy) ~0.314 -0.012 -0.034 -0.026 -0.059
c(l,y) 0.634 0.018 0.047 0.038 0.065
Cl4,v) -0.076 0.046 0.047 0.173 0.327
C(6,y) 0.007 -0.170 -0.230 0.087 -0.021
0(1,2z) 0.007 -0.170 -0.230 0.087 -0.021
c(1,z) -0.014 0.278 0.297 -0.074 -0.002
C(4,2z) 0.024 -0.301 -0.422 0.104 -0.053

C(6,2) -0.067 0.103 0.159 0.041 0.076
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TABLE 15
‘Atomic Coordinates for Models = XVI & XVII
XVI XVII

X y z X y z
0(1) 1.624 0.0 2.367 1.624 0.0 2,367
0(2) ~1.624 0.0 2.367 ~1.624 0.0 2.367
c(1) 0.775 0.0 1.532 0.775 0.0 1.532
C(2) -0.775 0.0 1.532 -0.775 0.0 1.532
Cc(3) ~0.785 0.0 0.0 -0.785 0.0 0.6
C(4) 0.785 0.0 0.0 0.785 0.0 0.0
c(5) -1.511 1.250 -~0.578 —1;511 —1.250 -0.578
C(6) 1.511 1.250 -~0.578 i.Sll 1.250 -0.578

Hydrogens

H(1) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(2)  -1.298  -0.883 -0.408  -1.298  0.883  -0.408
H(3) -1.490 1.200 -1.676 1.490 1.200 -1.676
H(4) -2.552 1.256 ~-0.223 2.552 1.256 -0.223
H(5) -0.992 2.156 -0.233 0.992 2.156 -0.233
H(6) 1.490 1.200 =1.676 -1.490 -1.200 -1.676
H(7) 2.552 1.256 ~0.223 -2.552 -1.256 -0.223
H(8) 0.992 2.156 -0.233 -0.992 ~2.156 -0.233
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less than 0.0l eV). However, the o MO network of the same system is
again altered significantly. Nine sigma MO's now occur between the HOMO
(n) and the highest 7 bonding MO (ﬁA), compared to five such MO's in the
case of CBD. Two sigma MO's are within 1.5 eV of the HOMO compared to
one and none, respectively, in the cases of CBD and glyoxal. Destabili-
zation in the LEMO and more significantly the HOMO networks is due to
their interactions with the sigma molecular orbitals.

Analysis of the nonbonding MO for the di-substituted models reveals
a delocalization of this MO throughout the entire model., Significant
contributions occur for all oxygen and carbon atoms. For the carbonyl
carbon and oxygen, the 2px and 2pz atomic orbitals are the biggest con-
tributors. TFor carbons 3, 4, 5 and 6 the 2pz atomic orbital is the sole

contributor, with a coefficient value greater than 0.1.

(¢) tri- and tetra-éubstitution
A trend for the effect of methyl substitution on CBD has now been
established from the study of mono~ and di-substituted models. The
effect of methyl substitution as viewed for the tri~ and tetra-substi~

tuted models only tends to confirm such a trend.
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For the tri- and tetra-substituted models, only the eclipsed (00)
conformation of the methyl group is used. The two species will be
referred to as T1 and TZ’ respectively. EHMO results for the two systems
are in table 16 and 17 together with the corresponding atomic coordinates.

For both systems, Tl and T2’ destabilization of the n and % MO's
is again observed (relative to the CBD system). The effect is larger for
the tetra-substituted model (Tz). However, in each case the HOMO (ns)
has the greatest increase in energy. Its increase is again almost twice
that of them¥ for both T, and T,. T, reveals a 0.27 eV and 0.14 eV en-

1 2 1

ergy increase of its n and 7% MO's respectively. T2 reveals a corre-
sponding 0.31 eV and 0.18 eV increase. Thé over-all effect, however,
is a red shifted n-w* transition for both species with both having
values significantly lower than the di~substituted: systems.

Interaction of the additional methyl substituents with the n and
% MO's in the 'I‘1 and T2 systems is observed., This is evident since the:
energies of n and m* for the Tl and T2 systems are again higher than the
energies of the corresponding MO's of CBD.

The ¢ MO network of T1 and T2 reveals the most pronounced inter-
action since it is significantly altered from that of the corresponding
CBD system. This is in complete contrast to the corresponding m~bond-
ing networks which are practically identical for all three systems

(CBD, T1 and T2). The energy values for the three corresponding =

1 2 models have an

systems are the same within 0.0l eV, Both the T, and T
increased number of ¢ MO's in between the HOMO (ns) and highest m~bond-
ing MO (wA). Where there are only five such MO's for the corresponding

case of the CBD system, the Tl and T2 systems number 11 and 13 respec~-
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Table 1l6a

Selected EHMO's for CBD with tri-methyl Substitution (60° rotation)

Models XXII
(Cl Symmetry)

TEE = ~966.712 eV

%
MO (sym) Mg (4) g (A) nA(A) O a)
Energy (eV) -10.766 -12.589 -13.055 -13.500
C..'s
_Aij
H(1) 0.027 -0.067 -0.123 -0.099
H(2) -0.012 0.083 0.056 0.028
H(3) 0.006 -0.083 -0.053 0.113
H(&) -0.021 0.040 -0.082 0.147
H(5) 0.015 -0.048 0.119 0.079
H(6) 0.027 -0.030 0.119 -0.089
H(7) 0.014 0.079 0.113 0.131
H(8) -0.008 -0.080 -0.,085 0.115
H(9) -0.030 -0.077 ~0.045 -0.077
H(10) 0.122 0.059 -0.100 0.012
0(1,s) 0.000 -0.026 ~0.022 0.024
0(2,s) 0.001 -0.014 0.034 0.013
c(1,s) 0.005 0.116 0.150 -0.090
c(2,s) -0.006 0.030 ~0.205 -0.027
c(3,s) -0.001 -0.045 0.009 0.031
C(4,s) ~ -0.003 ~0.044 0.031 0.041
C(5,s) 0.040 0.034 0.011 -0.055
C(6,s) ~0.042 0.031 0.039 -0.005
C(7,s) -0.043 0.017 -0.039 -0.028
0(1,x) -0.004 0.252 -0.064 -0.007
0(2,x) 0.003 ~0.253 0.065 0.006
C(1,x) 0.008 ~-0.348 0.120 -0.008
€(2,x) -0.004 0.368 -0.049 -0.002
C(3,x) -0.001 -0.071 0.015 0.472
C(4,x%) ~0.010 0.047 -0.084 -0.467
C(5,x) 0.047 0.048 0.013 -0.212
C(6,x) -0.054 0.048 0.038 -0.085
C(7,x) 0.053 -0.042 0.087 0.164
0(1,y) 0.316 0.010 -0.037 ~0.012
0(2,y) 0.306 0.001 0.011 0.022
C(1,y) -0.643 -0.015 0.051 0.020
C(2,y) -0.624 -0.002 -0.017 - ~0.033
C(@3,y) 0.097 0.012 -0.112 ~0.144
C(4,y) 0.073 -0.014 0.109 0.135
C(5,y) -0.113 -0.106 0.018 0.213
c(6,y) -0.106 0.080 0.184 -0.015

c(7,y) -0.105 0.037 -0.188 ~-0.176
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TABLE 16b

Atomic Coordinates for Model XXII

0(1)
0(2)
Cc(1)
c(2)
C(3)
c(4)
C(5)
c(6)

c(?)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)

H(10)

X

;.624
-1.624
0.775
-0.775
-0.785
0.785
-1.497
~-1.497

1.497

1.285
-0.782
-1.845
-2.353

1.845

2.353

0.783
-1.845
-2.353

-0.783

I
0.0

0.0
0.0
0.0
0.0
0.0
1.255
-1.258
-1.258
Hydrogens
0.890

-1.819

-1.887 .

-0.936
-1.887
-0.936
-1.819
1.887
0.936

1.819

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
-0.578

-0.578

-0.408
-1.199
0.254
-1.188
0.254
-1.188
-1.199
0.254
-1.188

-1.199
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Table 17

Selected EHMO's for CBD with Tetra-Methyl Substitution (60° rotation)
(C2v Symmetry)

Model XXIII TEE = -1072.044 eV °

*
MO (sym) WS(BZ) nS(Al) nA(Bl) os(Al)
Energy (eV) -10.728 -12.551 -12.864 -13.151
Ci.'s
ﬁf%j‘ -0.014 0.060 -0.095 -0.111
H(2) 0.008 -0.066 0.090 0.041
H(3) 0.027 -0.050 0.096 -0.100
H(4) -0.027 -0.050 ~-0.096 -0.100
H(5) 0.014 0.060 0.095 -0.111
H(6) -0.008 ~-0.066 -0.090 0.041
H(7) 0.014 0.060 -0.095 0.111
H(8) ~0.008 -0.066 0.090 -0.041
H(9) ~0.027 ~0.050 0.096 0.100
H(10) -0.014 0.060 0.095 0.111
H(11) 0.008 ~-0.066 ~0.090 -0.041
H(12) 0.027 -0.050 -0.096 0.100
0(1,s) © ~0.000 -0.021 -0.029 -0.000
0(2,s) -0.000 -0.021 0.029 -0.000
c(1,s) 0.000 0.074 0.190 0.000
c(2,8) 0.000 0.074 -0.190 0.000
c(3,s) -0.000 -0.044 -0.009 -0.000
c(4,s) -0.000 -0.044 0.009 -0.000
c(5,s) -0.041 0.027 -0.031 0.051
c(6,s) - -0.041 0.027 0.031 -0.051
c(7,s) 0.041 0.027 0.031 0.051
c(8,s) 0.041 0.027 -0.031 -0.051
0(1,%) 0.000 0.257 -0.001 0.000
0(2,%) -0.000 -0.257 -0.001 -0.000
c(1,%) -0.000 -0.365 0.040 -0.000
c(2,x) 0.000 0.365 0.040 0.000
c(3,x%) -0.000 -0.071 -0.043 -0.001
C(4,x) 0.000 0.071 -0.043 0.001
c(5,x%) 0.052 -0.047 0.036 -0.074
C(6,x%) -0.052 0.047 0.036 -0.074
C(7,x) 0.052 0.047 0.036 0.074

c(8,x) -0.052 ~-0.047 ‘ 0.036 0.074



0(1,y)
0(2,y)
C(1L,y)
Cc(2,y)
C(3,y)
C(4,y)
C(5,y)
C(6,y)
C(7,y)
C(8,y)
0(1,2)
0(2,z)
C(1,z)
c(2,2)
C(3,2)
C(4,2)
Cc(5,2)
C(6,2)
Cc(7,2)
C(8,2)

ms*(By)

-0.310
-0.310
0.634
0.634
~-0.093
-0.093
0.103
0.103
0.103
0.103
0.000
0.000
0.000
0.000
0.000
-0.000
-0.076
-0.076
0.076
0.076
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Table 17(cont.)

nS(Al)

0.000
0.000
-0.000
~0.000
0.000
~0.000
-0.069
-0.069
0.069
0.069
-0.164
-0.164
0.280
0.280
-0.309
-0.310
0.085
0.085
0.085
0.085

nA(Bl)

0.000
-0.000
-0.000

0.000

0.000
-0.000

0.116
-0.116

0.115
-0.115

0.206
-0.206
-0.294

0.294
~-0.415

0.415
-0.157

0.157

0.156
-0.156

oS(Al)

0.000
0.056
-0.000
-0.083
-0.369
0.369
-0.310
0.310
0.310
-0.310
0.001
0.090
~0.000
0.000
0.000
0.000
0.079
-0.079
0.079
-0.079
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tively. The tetra~substituted model has a ¢ MO energy state within
0.6 eV of its HOMO, This is compared to values of 0.7 eV, 1,2 eV and

4,4 eV for the cases of T,, CBD, and glyoxal.

1?
It is apparent that the pbly substitution of the methyl groups de-
crease the n-t* transition energy of the CBD system, and there is a
sequential decrease in that energy value for mono-, di-, tri- and tetra
systems, figure 16, |
The result of the nonbonding-sigma network interactions is again
a more delo?alized HOMO for the Tl and T2 models, Figure 17 a shows
the tetra substituted model (Tz) and the hybrid AO's making major con-
tributions to its HOMO, The % MO also displays significant delocali-~

zation along the carbon substituents. Figure 17b shows the LEMO for

the same model.
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Figure 16. The n-7* transition energy for methyl-
substituted CBD. The value correspond-
ing to the most stable configuration of
each is used.
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Figure 17a

———

o5 SO

Figure 17b

Figure 17. a) AO's making major con~
tribution to the HOMO of tetra-substituted methyl-~CBD
(T,). Two~fold symmetry related values are not shown.
(xZ projection). b) The LEMO atomic orbitals of T2
(yz projection).
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(3) Ethyl Interactions

For the ethyl substituent, there can be an enormorous number of
configurations. However, since the ultimate aim of this investiga-
tion is to gain insight into the electronic make-up of DICD, the se~-
lected conformations of the ethyl substituent simulate some likely
methyl orientations on a t-butyl group, figure 16. For all models
studied, the position of the 03—05 bond remains fixed, and C6 is
positioned to give a normal tetrahedral angle. The methyl hydrogens
maintain an eclipse (0°) conformation and the movement of the ethyl
group around the C3-C5 axis defines the only path for rotation. Three
such rotations are used for the ethyl substituents: 00, 120° and 180°.
The zero degree rotation of this group occurs when CZ’ 03, CS and CG
are coplanar,

Five species are iInvestigated., Three

(o]

monosubstituted models, having the three ethyl rotations (Oo, 1207, 1800)

are labeled: El’ E, & E3 (figure 18)., Two di-substituted models hav-

2

ing 0° & 180° ethyl rotations are referred to as: , E4 and E5. The

C2 point-group symmetry ls preserved for the di-~substituted cases, with
only trans isomers being studied.

A summary of the EHMO energy values for all five calculations are
in table 18. The ethyl-substituted models for all five configurations
studied show a red-shifted n~m%* transition, relative to the CBD system.
However, the n-m* values prove to be quite sensitive to the angle of ro-~
tation of the methyl carbon around the 03—05 axis. For the mono-substi~
tuted models there is a 0,11 eV fluctuation in this valuej for the di-

substituted models there is a 0.15 eV variation. ¥For E,, E, & E3, the

1?72
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Figure 18: The rotated mono-substituted ethyl-
CBDOmodels are depicted. Rotations 0, 120" &
180" are labeled E 12 E & E respectlvely. E4

& E5 are indicated in paren%hesis.

Table 18: Selected EHMO values for the ethyl and

Model No.

di-ethyl substituted models.

Rotation . LEMO(eV) HOMO(eV) TEE(eV) n— ¥

AE(eV)
E, XXIV 0° -10.824 -12.712 -860.727 1.888
E, XXV 120° -10.830 -12.693 -861.221 1.863
E, XXVI 180° -10.857 -12.634 -861.418 1.778
E, XXVII 0° ~10.739 -12.626 -1071.677 1.887
E XXVIII ~ 180°  -10.808 -12,539 -1072.992 1.731
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n-T* energy decreases consistently with increasing the angle of ro-~
tation (i.e. E, > E, > E3)° The maximum decrease occurs for the 180°
rotation. The same trend is observed for the di-substituted models,

‘ E4 é ES’ The 180° rotated di-substituted model, E5 shows the smallest
n-m* energy value for all five models.

The di-substituted models, Eh & E5 reflect the typilcal electronic
make-up of the ethyl substituted systems. Thsese 0° and 180° rotated
configurations will be the object of further analysis. EHMO results
for the trans di-substituted models are in table 19 and 20, The
corresponding atomic coordinates are included. For other selected data
see appendix guide, page 156.

The energy of the n and 7% MO's of E4 have an increase of 0.23 eV
and 0.16 eV respectively, compared with the CBD.system. The energy
values of the corresponding MO's of Es are increased 0.32 eV and 0.10 eV,
The most affected molecular orbital is the n MO in both cases; however
the relative affect for the two configurations are not really similar.'
The incréase of the n MO energy for E4 is approximately 1 1/2 times the
increase of the corresponding w* MO energy. The increase of the n MO
energy for E5 is over three times the increase of its corresponding ¥ .
MO energy. The construction of models E4 & E5 from the CBD system pro-
duces significant destabilization of the respective n and 7* molecular
orbitals. This, of course, implies significant interactions of these
MO's within the E, & E; systems.

The n MO of the E5 system has a greater degree of interaction than
the n MO of thg E4 system, This is implied from the relative degree of

destabilization of the respective MO's (i.e. 0.32 eV to 0.23 eV). The
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Table 19
Selected EHMO's for CBD with tramns di-ethyl Substitution (C2 Symmetry)

Models XXVII & XXVIII

XXVIL XVIII
TEE = -1071.667 eV Tee = -1072.992 eV
% %

MO (sym) ﬂS(B) nS(A) OS(A) nS(B) nS(A) nA(B)
Energy (eV) -10.738 -12.626 -12.934 -10.808 -12.539 -12.971
C..'s

ij
H(1) -0.123 -0.081 0.056 0.121 -0.059 -0.139
H(3) -0.002 0.070 0.097 0.023 0.038" 0.038
H(4) -0.021 0.077 ~0.059 -0.016 -0.052 ~-0.080
H(5) -C.013 0.022 -0.115 -0.027 -0.050 -0.071
H(6) 0.021 0.026 0.081 0.001 -0.014 -0.039
H(7) 0.014 0.006 ~0.072 -0.014 -0.013 -0.021
0(1,s) -0.002 0.016 0.007 -0.001 0.019 -0.028
c(1,s) -0.013 ~-0.072 -0.063 0.013 -0.068 0.175
C(4,s) -0.004 0.045 0.017 -0.007 0.036 0.005
c(5,s) 0.041 -0.026 -0.032 0.037 -0.015 0.005
C(6,s) 0.023 -0.021 0.043 -0.012 0.033 -0.048
0(1,x) -0.000 -0.260 -0.044 -0.001 -0.245 -0.000
C(1,x) -0.006 0.363 0.042 0.003 0.348 0.036
C(4,x) 0.005 -0.018 -0.378 -0.012 -0.061 -0.039
C(5,%) -0.048 0.018 0.235 0.073 -0.059 . 0.063
C(6,x) -0.030 0.030 -0.121 -0.005 0.021 -0.030
0(1,y) -0.304 -0.001 0.004 0.311 -0.019 -0.052
C(1,y) 0.637 0.013 0.031 -0.631 0.029 9.077
C(4,y) -0.061 0.018 0.224 0.080 0.072 0.064
c(5,y) 0.112  -0.040 -0.264 -0.116 0.106 -0.097
C(6,y) 0.044  -0.054 0.168 0.005 -0.036 0.054
0(1,2) -0.007 0.173 -0.038 0.010 0.160 0.196
c(1,z) 0.023 -0.281 0.034 -0.021 -0.270 -0.270
C(4,2) -0.032 0.303 -0.051 0.033 0.296 0.380
c(5,2) 0.082 -0.137 0.001 0.079 -0.157 0.225

C(6,2) 0.058 0.091 -0.077 -0.048 0.150 -0.231
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TABLE 20

Atomic Coordinates for Models XXVII & XXVIII

XXVII

o(L)
0(2)
c(1)
c(2)
c(3)
c(4)
c(5)
c(6)
c(n)

c(8)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)

H(12)

X L
1.624 0.0
-1.624 0.0
0.775 0.0
-0.775 0.0
-0.785 0.0
0.785 0.0
-1.511 1.250
-1.481 1.179
1.511 ~1.250
1.481 ~-1.179
Hydrogens
1.298 0.883
-1.298 -0.883
0.954 ~-0.263
0.954 -2.063
2.514 -1.162
0.992 -2.156
2.552 -1.256
-0.954 0.263
-0.954 2.063
-2.514 1.162
-0.992 2.156
~-2.552 1.256

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
-2.133
-0.578

-2.133

-0.408
-0.408
-2.440
-2.521

-2.511

-0.233

-0.223
-2.440
-2.521
-2,511
-0.233

-0.223

XXVIII
X A
1.624 0.0
-1.624 0.0
0.775 0.0
~0.775 0.0
-0.785 0.0
0.785 0.0
-2.014 2.134
2.014 -2.134
-1.511 1.250
1.511 -1.250
Hydfogens
1.298 0.883
-1.298 -0.883
2.364 -0.918
0.804 ~1.819
3.108 ~2.227
1.736 ~1.656
1.548 ~3.128
-3.108 2.227
-1.548 3.128
-1.738 1.656
-0.804 1.819
-2.364 0.918

2.367

- 2.367

1.532

1.532

0.0

0.0

0.600

0.600

-0.578

-0.578

-0.408

-0.408

-1.188

-1.199

0.536

1.550

0.526

0.536

0.526

1.550

-1.199

-1.188
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opposite effect is obseryed, however, in the comparison of the re-
spective 7% MO's of the two systems. w* of the E5 system apparently

undergoeé less interaction than the 7% MO of E4 (i.e. 0.1 eV to 0,16).

The increased interaction of the m MO of E5 is evident from the
increased délocalization of this MO relative to that of E4. The atomic
orbital contribution is extended to carbon (C6,z), vhich is not the
case for Eé' The o system mixes best with the HOMO for the ES config~
uration .

The LEMO's of both E4 and E5 are practically identical, with the
major contributions coming from ﬁhe 2py atomic orbitals of the carbonyl .
carbon & oxygen and smaller contributions from the 2py atomic orbitals
of atoms 3 & 4, Slight contributions from the 2py of carbon (6) is
observed for E4; this is not true for ES‘ From the through-space
interaction calculations of the glyoxal systems, it was observed that
a methyl group, located in the identical position as C6 of the E4 con-
figuration, can cause significant destabilization of the LEMO of a di-
ketone system., This same destabilization is expected to occur for the

E4 system but not for the ES' . Through—~-space as well as

through~bond interactions of the 7% of E4 are significant,
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(4) T-butyl Interactions

In the previous studies where the mono- and respective di-
substituted models ére investigated, the mono-substituted and di-
substituted species reveal identical trends in their respective mole-
cular interactions. For this reasﬁn, and not merely because the mono-
substituted model demands fewer basis functions and therefore less
computor time, the t~butyl mono-substituted model will be used for
most analyses of the t-butyl interactions. However, when appropriate,
the di-substituted model will be introduced.

The construction of the various models studied in this section is
quite tedious. Since the location of the t-butyl group relative to the
CBD network could be crucial as far as molecular stability, the most
stable position of the vertex t-butyl carbon (CS);
approximated, using EHMO calculations on selected t=-butyl mono—substi—
tuted models. The position of the vertex carbon is defined using a
"vertical" angle (Cz-Casz) and a "horizontal" angle (04-03-05) along
with the 1.54 A° C3-C5 bond distance, . Using the
crystal structure of 2DB as a reference, the vertical angles selected
ares 1070, 112° & 1170; and the horizontal angles are: 1100, 120°
and 130°,

Nine t-butyl mono~substituted models are constructed using each
vertical angle with each horizontal angle for the vertex carbon. The
eclipsed (Oo) conformation is uséd for all methyl hydrogens, and the
t-butyl group maintains an eclipsed conformation felative to the bu-
tane ring with.Cz-Cs-Cs-C6 planar and defining the zero angle of rota-

tion.
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Table 21

Table 20: Selected EHMO values for mono-
substituted t-butyl-CBD models. The horizon-

tal angle (a) and vertical angle (b) of the
vertex carbon (CS) are varied.
0 0
0 0
W [
6 /
/ : /
/ /
\-f 5/ 15\\
! \\ ! N
/ \ { 7
/ 7 8
8
(a) (b)
Model No. Horizontal Vertical n—w*
' Angle (a) Angle (b) AE(eV) TEE(eV)
XXIX 110° 107° 1.838  -1070.346
XXX 110° 112° 1.811  -1070.610
XXXI 110° 117° 1.789  -1070.665
XXXIT 120° 107° 1.761  -1070.665
XXXIII 120° 112° 1.774  -1071.227
XXXIV 120° 117° 1.787  -1071.271
XXXV 130° 107° 1.675  =1070.243
XXXVI 130° 112° 1.731  -1070.969
XXXVII 130° 117° 1.774  -10.71.295
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EHMO calculations are made using the coordinates of these re-
spective models., The total electronic energles (TEE) as well as the
n-m% energy values of each model are monitored closely. A summary of
these results are in table 2i. The EHMO coefficients and corresponding
atomic coordinates are in appendix. See guide, page 156

Collectively, the configurations having the horizontal angle of
120° presented the most stable species (LTEE). Among these three, the
two most stable models are those with vertical angles of 112° & 1170.

Of these two, the vertical angle of 112° presents the smallest n-m¥
transition (i.e. greatest red shift). The 117° angle presents the
most stable species. Although the optimum vertical angle would proba-
bly be between the 112° & 117° (i.e. both the lower transition value
and the lower TEE value are desired), the 120° horizontal angle and the
112o vertical angle are selected for further model construction.

An EHMO study in the variation of the vertex carbon position not
only serves to approximate an optimum position of the t-butyl group,
but simulates possible solution activity for the t~butyl species as well.
The n-m* transition values (although with a 0.15 eV fluctuation) shows a
red shift for all nine models relative to the CBD system.

Destabilization of both the n and w* MO's of each system is ob-
served. This suggests interaction of these MO's within each system. Al-
though the relative degree of interaction is obviously dependent on the
conformation used, the relative trends of influences and effects are
identical for all systems. The red shift of the n~m* transitions is due
primarily to the destabilization of the nonbonding MO of each system,

For instance, for the t-butyl system selected ZXXIID for the model pattern,
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TABLE 22

Selected EHMO's for CBD with Mono t-Butyl Substitution,
(0° rotation), eclipsed hydrogens

Model XXXIII (Cl Symmetry)

TEE = -1071.227 eV

MO (sym)
Energy (eV)
C..'s
3
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
0(1,s)
0(2,s)
C(1,s)
C(2,s)
C(3,s)
C(4,s)
C(5,s)
Cc(6,s)
c(7,s)
C(8,s)
0(1,%)
0(2,x%)
C(1,x)
c(2,x%)
C(3,%)
C(4,%)
Cc(5,%)
c(6,%)
Cc(7,x%)
c(8,x)
0(1,y)
0(2,y)
C(1,y)
C(2,y)

*
g (A) ng (4) ag(A)
-10.780 -12.554 -13.106
-0.141 0.031 0.106
0.137 0.058 0.140
0.122 0.123 0.009
-0.019 -0.065 0.005
-0.012 -0.002 0.003
0.010 0.015 0.153
-0.012 0.026 0.141
0.016 -0.042 -0.011
-0.019 0.088 -0.050
-0.021 0.013 0.010
-0.036 0.088 -0.029
0.043 ~ -0.047 -0.153
0.001 -0.027 -0.007
0.003 -0.003 -0.025
-0.005 0.124 -0.006
0.007 0.012 0.124
-0.005 -0.027 0.004
-0.007 -0.041 -0.072
-0.038 0.017 0.001
-0.019 0.026 -0.070
0.002 -0.045 -0.034
0.021 -0.037 0.054
-0.007 0.228 0.058
0.007 -0.234 -0.054
0.011 ~0.314 -0.084
-0.018 0.335 0.055
0.001 ~0.086 -0.308
0.002 0.053 0.334
-0.057 0.081 0.377
0.025 0.027 -0.167
0.018 ~0.128 -0.169
0.043 0.030 -0.269
-0.320 ~0.024 -0.011
-0.295 ~0.026 -0.007
0.649 0.040 0.017
0.617 0.069 0.012

nA(A) OA(A)
-13.235 -13.373
. =0.140 0.070
-0.030 -0.086
0.074 0.208
-0.100 0.028
0.016 -0.197
0.052 0.005
0.060 0.001
-0.046 0.179
0.111 -0.008
-0.027 -0.181
0.051 0.028
0.029 -0.019
-0.023 -0.002
0.030 ~0.005
0.111 0.002
-0.150 -0.011
0.025 -0.056
0.014 -0.000
0.008 -0.001
0.013 0.058
-0.047 -0.062
0.009 0.050
-0.117 -0.002
0.115 0.001
0.182 0.009
-0.142 0.001
-0.212 0.053
0.164 0.017
0.187 0.150
-0.013 0.045
-0.171 -0.217
0.109 -0.208
0.004 0.003
0.001 0.040
-0.004 -0.007
0.03¢ -0.072



97
TABLE 22(continued)

Selected EHMO's for CBD with Mono t-Butyl Substitution,
(0° rotation)

Model XXXIII (Cl Symmetry)
TEE = -1071.227 eV

MO (sym) W:(A) ng(A) og(A) n, (A) a, (A)

Energy (eV) -10.780 -12.554 ~13.106 -13.235 -13.373

C..'s

_i3

C(3,y) 0.075 0.082 0.115 0.130 -0.287
C(4,y) 0.071 0.007 0.019 -0.057 0.071
c(5,y) 0.117 -0.092 ~0.080 -0.115 0.494
C(6,y) 0.041 -0.059 0.176 0.005 -0.243
c(7,y) 0.015 0.006 -0.019 0.005 -0.163
c(8,y) -0.046 0.094 -0.093 -0.032 -0.195
0(1,z) 0.002 -0.088 -0.047 0.263 0.010
0(2,2) 0.010 -0.209 0.098 -0.051 -0.003
c(1,z) -0.005 0.161 0.097 -0.333  -0.008
c(2,z) -0.027 0.335 -0.112 0.066 0.018
C(3,2) 0.044 -0.395 0.132 -0.136 0.027
C(4,z) 0.010 -0.147 -0.090 0.457 0.015
c(5,z) -0.087 0.253 -0.198 0.231 0.090
C(6,2) -0.061 -0.126 0.203 -0.084 ~-0.166
c(7,2) 0.007 -0.120 -0.031 -0.157 _ -0.143
C(8,z) 0.017 -0.104 0.172 -0.053 0.098
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the n MO is destabilized 0.30 eV and the w* MO is destabilized 0.13 eV,

relative to the CBD system, These relative amounts of destabilization
of the respective MO's for this system are comparable to corresponding
values of systems previously studied that revealed rhrough-bond inter-

actions. The EHMO results  for ¥XXIII are listed in table 22.

There are 13 sigma MO's between the HOMO and highest bonding MO,
with the proper symmetry, available for interaction with either the n
or % MO, Three such MO's are within 1.5 eV of the HOMO

Increased delocalization of the n and m* MO's relative to the CBD
system, is observed. For the CBD system the n and m* are located pre~
dominantly along the di-carbonyl network, with delocalization within
the butane ring. For the t-butyl substituted system, however, further
delocalization of the n and m* MO's occurs . It is of interest to
note that the increased delocalization of the two MO's is more pro-
nounced along the side of the system (atoms 2, 3, and 5) in which the

t-butyl is attached.

The n MO now has 2pz atomic orbital contribution
extended through the four-carbon t-butyl system. HOMO-sigma MO inter-
action is apparent. The 7% MO has significant contributions extending
to C & C

3,y 3,y
bution on C

and to the ring-hydrogen substituents. Slight contri-
5%y atomic orbital is also observed. Some through-space as
well as through~bond interactions may occur for =%,

The next selection of models have varied rotations of the t-butyl

group about the C3_C5 axis., Table 23 summarizes these results.
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Table 23
Selected EHMO values for mono-substituted t-butyl-
CBD models. The rotation angle of the t~butyl is

varied. Group I has staggered methyl hydrogens.
Group II has eclipsed methyl hydrogens.

Group I (Staggered methyl hydrogens)

t-butyl n=Tk
Model No. rotation LEMO (eV) HOMO (eV) AR TEE(eV)

XXXVIII 0° -10.802 -12.580 1.778 -1072.533
XXXIX 30° -10.832 -12.581 1.748 -1072.581
XL 50° -10.856 -12.579 1.723 -1072.014
XLI 60° -10.833 ~12.591 1.758 -1072.921
XLII 70° -10.837 -12,575 1.738 -1072.334
XLIII 80° -10.821 ~12.601 1.780 -1072.974
XLIV 90° ~10.814 -12.600 1.786 -1072.859
XLV 100° -10.807 ~12.594 1.787 -1072.748

(Group II, eclipsed methyl hydrogens)

XXXII n° -10.780 ~12,554 1,774 -1071.227
XLVI 30° -10.822 ~12.556 1.734 -1071.195
XLVII 60° -10.853 ~12.581 1.728 -1072.252
XLVIII 90° -10.790 ~12.557 1.767 -1072.200
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The EHMO coefficients and atomic coordinates are in the appendiz.
Eclipsed (00) as well as staggered (600) conformations are used for the
me#hyl hydrogens., Rotations: 00, 300, 500, 600, 700, 800, 90° and 100°
are selected for observing the systems with staggered methyl hydrogens
(Group I). Rotations: 00, 300, 60° and 90° are selected for observing
the systems with eclipsed hydrogen conformation (Group II)., In all,
twelve (12) models are investigated, These arbitrary rotations which
also simulate some phase of solution activity also provide an oppor-
tunity to study the conformational effecfs on the n-m* transition and
total electronic energy of the t-butyl system.

The n~7* transition values for the twelve systems fluctuated only
0.06 eV, Although categorically the observed red shift of each re-
spective n-m* energy is due to the predominant destabilization of the
HOMO (n), the observed fluctuations of these values (due to rotations)
is due to a different effect., The variations in these values is due
apparently to the variation of the respective LEMO's.,

Figure 19 shows the variations of the HOMO and LEMO of group I
with respect to the angle of rotation. Figure 20ashows the same
variations for group IL. Plots of the corresponding n-v* transition
values are also included in the figures.

It can be seen that the MO curve showing the largest deviation with
respect to the various rotations is the LEMO for group I and group II.
The HOMO curve for group.I shows practically no fluctuation and the same
curve for group II shows very little. The shape of the curve repre-
senting the n-m* transitions parallels that of the LEMO curve in both

cases., This indicates practically a direct correlation of the n-mn#*
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Figure 19. Variations of the HOMO, LEMO
and n-™ energy values are plotted vs the t-butyl
rotation angle for Group I. (The dashed lines indi-
cate the general trends).
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Figure 20 a Variations of the HOMO, LEMO
and n-m* energy values are plotted vs the t-butyl
rotation angle for Group II. (The dashed lines in-
dicate the general trends.)
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Figures 20b & 20c are
respectively,plots of
the n~n* AE values vs
the LEMO values for
Group I & II t-butyl
Models.
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Figure 20 (b) & (c)
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transition with the LEMO., In figure 20b & 20c a plot of the n-m% energy
values vs. LEMO values for the models of each group further substanti-~
ates this result. The transition value is proportional to the LEMO
energy to a good approximation.

An analysis of the LEMO's of the 12 models reveals ﬁo striking
differences. However, it is learned from the intermolecular inter-
action studies that through-space interactions can cause destabiliza-
tion of the LEMO. The rotations of the respective t-butyl groups,

i.e. changing the distance and orientation of the methyl groups with
respect to the dicarbonyl system (the predominant location of the 7%)
have a direct effect upon this type of interaction. Furthermore, we
see that the 0° rotation, which is the configuration most favorable for
this through-space interaction, causes the greatest degree of destabi-
lization of the LEMO in group I and group II.

The rotations (e.g. 50° & 60°) that provide less hindrance to the
dicarbonyl system cause the least destabilization of the w* MO, Al-
though the 7% MO has some through-bond interaction, the through-space
interactions also occur and are the major cause of the n-m* energy
flucturations arising from t-butyl rotation. Figure 21 shows the hy-
brid AO’s making major contribution to the HOMO & LEMO of model XLI.
The EHMO values for models XXXIX, XL & XLI are in table 24. Atomic
coordinates are included in the appendix. See Guide, page 156.

The next EHMO calculations are made using coordinates of speculated
DTCD structures (SDTCD). That is, different configurations of the CBD
model with trans t-butyl di-~substitution are used. The structures vary

with respect to rotations of the respective t-butyl (methyl) carbons.



Figure 21 (a)

This illustration shows
the orbitals making
major contribution to
the HOMO of a t-butyl
Model- XLI. The HOMO
extends throughout the
t-butyl system.

Figure 21 (b)

This illustration shows
the orbitals for the
LEMO of the same Model.
(yz projection)
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TABLE 24

EHMO Coefficients for the n & w* Orbitals of CBD with mono t-butyl
Substitution

Models XXXIX, XL, & XLI

XXXIX XL XLI

TEE = =1072.581 eV , TEE = -1072.014 eV TEE = -1072.921 eV
* % %

MO (sym) Tg(A)  ng(A)  mg(A)  mg(A)  mg(A)  ng(A)

Energy (eV) -10.832 -12.581 -10.855 -~12.579 -10.833 -12.590

C..'s

S

H(1) -0.131 0.010 -0.129 0.016 0.129 0.007
H(2) 0.131 0.050 0.130 0.052 -0.129 0.061
H(3) 0.132 0.119 0.129 0.117 -0.128 0.108
H(4) -0.017 0.024 0.019 -0.054 0.038 0.099
H(5) -0.009 -0.059 -0.013 0.046 -0.010 0.007
H(6) 0.011 -0.010 -0.019 -0.012 ~-0.007 0.005
H(7) 0.003 0.027 -0.021 0.062 -0.012 0.007
H(8) -0.032 0.098 0.022 -0.031 0.018 0.047
H(9) 0.009 -0.022 ~0.021 0.077 0.015 -0.074
H(10) 0.012 -0.065 -0.029 -0.013 -0.008 -0.061
H({11) 0.022 0.029 -0.003 0.065 -0.005 0.007
H(12) -0.044 0.058 0.017 -0.060 0.028 0.044
0(1,s) 0.001 -0.027 0.001 -0.027 -0.001 -0.027
0(2,s) 0.001 -0.004 -0.001 ~0.004 0.000 -0.004
c(l,s) -0.007 0.132 -0.007 0.131 0.006 0.128
c(2,s) .0.004 -0.000 0.004 0.002 -0.004 0.005
C(3,s) -0.009 -0.034 -0.008 -0.031 0.009 -0.033
c(4,s) -0.002 -0.040 ~0.000 -0.038 -0.000 -0.042
C(5,s) -0.038 0.018 -0.037 0.018 0.037 0.918
C(6,s) -0.006 0.025 -0.002 - 0.012 -0.008 -0.586
c(7,s) 0.004 -0.055 0.009 -0.062 0.003 0.008
C(8,s) 0.010 -0.011 0.000 0.001 ~0.001 0.007
0(1,x%) -0.005 0.224 -0.005 0.224 0.005 0.226
0(2,%) 0.005 -0.230 0.007 -0.234 -0.006 -0.233
c(1,x) 0.008 -0.304 0.007 -0.305 -0.007 -0.308
c(2,x) -0.011 0.332 -0.010 0.333 0.009 0.335
c(3,%) 0.014 -0.074 0.016 -0.080 -0.017 -0.076
C(4,x%) -0.001 0.034 -0.003 0.040 0.006 0.033
c(5,%) -0.058 0.060 -0.068 0.069 0.078 0.063
c(6,x) -0.019 0.073 -0.014 0.041 -0.011 -0.013
Cc(7,x%) 0.015 -0.100 0.004 -0.054 -0.018 -0.028
Cc(8,x) -0.000 0.009 -0.021 ~0.027 -0.004 0.029

0(1,y) -0.319 -0.015 -0.319 -0.016 0.320 -0.013
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The rotations of the t-butyl carbons are: 00, 30°, 60° and 90°. The

methyl hydrogens of each model are either in an eclipsed or staggered
conformation. In all, there are seven SDTCD models studied. Table 25
lists the respective t-butyl rotations used for each. Five models with
staggered methyl hydrogens are listed in group A. Two models with
eclipsed (00) methyl hydrogens are in group B. Also included in the
table are the corresponding LEMO, HOMO, n-7%* transition and total
electronic energies. The EHMO coefficients and atomic coordinates for
each model are listed in appendix. See guide, page 156.

As expected, the SDTCD molecular systems parallel, in many ways,
the previous alkyl substituted CBD systems. The n and m* molecular
orbitals for all seven models are significantly destabilized relative
to CBD. This is a result of interactions of these molecular orbitals
with the alkyl network. The interactions are apparently those involving
the sigma bonding MO's of the t-butyl system.

This explanation seems quite feasible on reviewing the MO network’
of the di-substituted system. The m-bonding MO energies of the isolated
CBD model and the respective SDTCD models remain relatively equal (i.e.
within 0.01 eV)., No significant m-bonding interaction occurs due to di-
t-butyl substitution. The ¢ MO energies on the same comparative basis
vary significantly. There are 21 o-bonding MO's between the HOMO and
highest w-bonding MO of each SDTCD system, while there are only 5 in the
case for CBD., Five MO's are within approximately 1.5 eV of the HOMO
for each SDTCD system; there is only 1 in the case of CBD.

Figure 22 depicts the interactions resulting in a typical SDICD

system (EHMO results for number LI configuration in table 25 is



Table 25

Selected EHMO values for di-substituted t-butyl-

CBD models. The rotation angle of the t-butyl is

varied. symmetry is malntained except for model LIII.

(the secona t-butyl is rotated 60°

Speculated DICD structures (SDTCD)

Group A(staggered methyl hydrogens)

out of symmetry.

SDTCD t-butyl ' S n-w#

Model rotation LEMO (eV) HOMO (eV) AE TEE(eV)

XLIX 0° -10.698 -12.462 1.764 =1495.213

L 30° -10.760 -12.487 1.727 =-1495.308

LI 60° -10.762 -12.485 1.722 -1495.958

LII 90° -10.723 -12.478 1.754 -1495.908

LIII 90° -10.742 -12.482 1.740 -1495.617
Group A(eclipsed methyl hydrogens)

LIV 0° -10.661 -12.393 1.732 -1492.585

LV 60° ~10.801 -12.. 1.689 -1494.583
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Figure 22. Energy diagram of a typical di-
substituted t-butyl CBD system. (Gly-90 &
1,2 di-t-butyl ethane interaction).
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TABLE 26

Selected EHMO's for CBD with di t-butyl Substitution (Staggered hydrogen)
(60° rotation)

Model LI: C2 Symmetry
TEE = -1495.958 eV

*
MO (sym) fﬁfﬁi nS(A)' , 3§£ﬁi nA(B) UA(B)
Energy (Ev) -10.762 -12.484 -12.809 ~-12.862 -13.220
C..'s
i)
H(1) 0.124 0.053 -0.008 ~0.128 -0.201
H(3) 0.036 0.079 -0.036 ~0.083 0.056
H(4) ~-0.010 -0.007 0.076 -0.035 0.031
H(5) -0.007 0.001 -0.007 ~0.018 0.099
H(6) -0.012 -0.001 0.071 ~-0.022 0.093
H(7) 0.017 0.044 -0.047 ~0.027 0.078
H(8) 0.015 -0.048 -0.014 0.084 0.021
H(9) -0.007 -0.041 -0.022 0.073 -0.001
H(10) -0.004 0.003 -0.011 ~0.009 -0.111
H(11) 0.025 0.047 -0.108 -0.033 0.058
0(1,s) -0.001 -0.017 0.013 0.028 0.007
c(1,s) 0.010 0.070 -0.039 ~0.159 -0.016
C(4,s) -0.008 -0.031 0.014 -0.005 0.051
c(5,s) 0.036 0.019 -0.014 -0.010 0.007
C(6,s) -0.008 -0.040 -0.020 0.055 0.008
C(7,s) 0.003 0.003 0.007 0.018 0.049
c(8,s) 0.000 -0.002 0.061 ~0.014 0.021
0(1,x) -0.001 0.236 0.023 0.007 -0.044
C(1,%) 0.002 -0.332 -0.040 ~0.032 0.053
C(4,x) -0.010 0.102 -0.378 0.038 -0.029
C(5,x%) 0.074 0.081 -0.294 -0.031 -0.106
C(6,%) -0.012 -0.017 0.032 -0.009 0.025
C(7,x) -0.019 -0.023 0.046 0.014 0.197
C(8,%) -0.001 -0.009 0.290 ~0.055 0.104
0(1,4) 0.310 0.018 -0.018 0.031 0.038
c(1,y) -0.630 ~0.034 0.028 -0.056 -0.051
Ccl4,ym 0.086 ~-0.099 0.139 ~0.053 -0.238
C(5,y) -0.121 -0.111 0.124 0.054 -0.337
C(6,y) 0.004 0.021 -0.013 -0.015 0.057
c(,y) 0.013 -0.008 0.010 0.049 0.271
c(8,y) 0.003 0.014 -0.038 -0.010 0.061
0(1,2) 0.008 -0.148 -0.082 -0.178 0.018
c(1,z) -0.016 0.252 0.091 0.245 -0.036
C(4,2) 0.031 -0.276 -0.102 -0.337 -0.003
C(6,2) 0.068 0.184 0.051 -0.277 -0.008
C(7,2) -0.032 -0.174 -0.081 0.286 0.030

C(8,2) 0.056 -0.039 0.009 0.068 0.062
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TABLE 26

Atomic Coé?éiﬁgtes for Models LI & LVI

LT LVI
WE J 2 X J. i
0(1) 1.624 0.0 2.367 -1.610 -0.030 2,377
0(2) -1.624 0.0 2.367 1.610 -0.088 2.382
C(l) 0.775 0.0 1.532 0.781 -0.070 1.525
c(2) -0.775 0.0 1.532 0.779 ~0.070 -0.002
C(3) -0.785 0.0 0.0 -0.779 0.014 1.525
C(4) 0.785 0.0 0.0 -0.770 0.125 0.001
c(5) -1.511 1.250 -0.578 1.381 -1.323 -0.648
Cc(6) -1.481 1.179 -2.133 0.779 -2.592 -0.049
c(?) -0.776 2.533 -0.090 2.889 ~1.322 -0.394
C(8) -2.985 1.258 -0.075 1.132 ~1.261 -2.153
c(9) 1.511 -1.250 -0.578 -1.370 1.427 -0.553
C(10) 1.478 -1.181 -2.133 -0.772 2.643 0.139
C(11) 0.776 =2,533 -0.090 -2.882 1.401 -0.306
c(12) 2.985 -1.258 -0.075 -1.118 1.471 -2.058
Hydrogens Hydrogens

H(1) -1.298 -0.883 ~-0.408 1.247 0.696 -0.377
H(2) 1.298 0.883 -0.408 -1.237 ~-0.611  -0.431
H(3) -1.991 2.064 -2.541 1.162 ~3.379 -0.380
H(4) -0.434 1.163 -2.470 0.863 ~2.625 0.951
H(5) -1.994 0.263 -2.460 -0.202 ~2.636 -0.176
H(6) 0.264 2.506 -0.445 3.330 ~2.162 -0.819
H(7) -1.289 3.416 -0.499 3.021 ~1.422 0.609
H(8) ~-0.798 2.562 1.008 3.332 ~0.500 -0.762
H(9) -2.988 1.298 1.023 0.179 -1.209 -2.330
H(10) -3.485 0.341 -0.419 1.513 ~0.428 -2.667
H(11) =3.497 2.141 -0.484 1.511 -1.934 -2.582
H(12) 1.991 ~2.064 -2.541 -1.502 0.678 -2.632
H(13) 1.990 -0.264 -2.461 -0.163 1.429 -2.235
H(14) 0.431 -1.166 -2.469 -1.493 2.172 =2.440
H(15) 1.289 -3.416 -0.499 -3.323 0.611 -0.734
H(16) 0.798 -2.562 1.008 -3.318 2.271 -0.671
H(17) -0.264 -2.506 -0.445 -3.014 1.429 0.701
H(18) 3.497 -2.141  -0.484 0.210 2.698 0.021
H(19) 2.988 -1.298 1.023 -1.155 3.452 -0.134
H(20) 3.485 -0.341 -0.419 -0.860 2.603 1.139
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used). Both the n and 5% MO's of CBD have the proper symmetry for
interaction; however, the MO closest in energy to the 9-bonding MO's of
the t-butyl system and therefore the most strongly affected is the

HOMO (n). The over-all effect is a red shift of the n-,* transition for
all SDTCD models relative to the CBD system,

It is of interest to note that among each respective group (A4 & B),
table 25, the staggered di~t-butyl species produces both the LTEE as well
as the smallest n-"#* transition. Furthermore, the configurations with
staggered methyl hydrogens (group A) are collectively the more stable
species (relative to group B) and will be the structures henceforth
considered.

In figure 23 the total electronic energy (TEE) values and n-*
energy values of groups A are plotted vs. the di- t-butyl rotations. Only
the conformations of 02 point-group symmetry are considered. From
figure 23b, the minimum n-T* value may be expected to occur between a 50
and 60° rotation of the di-t-butyl groups. This too is the case in the
mono t-butyl study.

Since both the minimum value for each of these energy parameters
(n-T* & LTEE) is desired, the optimum rotation appears to be in the
proximity of 600, the staggered di~t-butyl species.

A molecule such as DTCD may be expected to undergo a variety of con-
formations while in solution. To designate a specific conformation as
the only conformation is probably not appropriate. However, it is anti-
cipated that the most probable DICD structure corresponds closely to the
conformation predicte d from the minimum n- and TEE energy values. A

reasonable conclusion, based on these two EHMO energy parameters, for the
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DTICD configuration in solutior magy be summarized as follows:

(1) a planar or near planar configuration of the
cyclobutanedione portion.

(2) a 112-117° vertical angle and an approximate 120
horizontal angle of the vertex carbon.

(3) a 60 to 70° rotation of the t-butyl carbons.

(4) a staggered configuration of the methyl hydrogens.

This is also reasonable in view of the steric factors involved
for larger or smaller rotation angles of the t-butyl group as borne
out in table 25, The model producing the most destabilized m* MO and
consequently the highest total electronic energy value (least stable)
is the species with eclipsed t-butyl carbons. From the mono-substi-
tuted t-butyl systems, this 7% destabilization was attributed to
through-space interactions with the t-butyl diketone system. The
eclipsed conformation is the configuration maximizing this type of

interaction,
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Summary

In this chapter, the Extended Huckel Molecular Orbital Theory
was used to theoretically analyze a variety of alkyl substituted 1,2~
cyclobutanedione (CBD) models, in order .to probe for significant and
consistent effects of alkyl substituents on the n and w* MO's of the
diketone system. These effects were monitored to determine the de-~
pendence on the frequency of substitution and on the relative size
and/or conformation of the substituent. The study was designed to
provide insight into the query of the unusually large Amax observed for
the n-m* solution spectra of the 3,4-di-t-butyl substituted model.

The alkyl substituents studied were: methyl, ethyl, and t-butyl.
A definite destabilization of the n & 7* MO's was observed for all
alkyl substitutions on the CBD model, and the magnitude of this effect
varied with the size of the sigma network of the added substituent.
The size of the sigma network, of course, varied with the size of the
alkyl substituent or with the number of substituents used., The order
of increasing influence (destabilization) on the n & m% MO's as far as
frequency of substitution was: mono < di < tri = tetra. The order of
increasing influence as far as the size of the substituents was: -H <
-CH3 < -02}15 < t-butyl.

The influence of each substituent was noticeably altered by its
conformation. 1In general, however, there was a more pronounced effect
due to substituent size. Figure 24 & 24a plot the LEMO & HOMO values of
various glyoxal and di-substituted CBD systems. These values are
listed from left to right according to increasing size of the sub-

stituent. The conformation of a particular substituent that produced
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the most stable model (LTEE) is taken to be the most representative
conformation for that substituent; There is a constant increase in
energy for the n and m* MO with increasing size of the substituent.
However in all cases, the increase for the n MO is approximately
twice that of the 7% MO. This, of course, produces an over-all de-
creasing n-m* energy value from left to right, The identical effect
occurs for the mono-substituted model as well, Shown in figure 25 .
A through-bond interaction of the respective MO's of the CBD
systems studied is the predominant cause of the observedgdestabiliza—
tions. The ordering of the two monbonding MO energy levels, S above
j
A (See Chapter III), found in these systems indged suppofts this
assertion. The observed destabilizations are most clearly due to the
mixing of the n and m* MO's within the CBD éystem with the o MO's of
lower energy. This interaction is enhanced by the availability of o
MO's which have similar eneries and identical symmetries to those of
the n and 7% MO'S'GQ This availability increases with the size of the
o frame. The larger ¢ frame has a larger number of o MO's (S and A
combinations) as well as more MO's with energy values closer to those
of the n and 7% MOs. Alkyl substitution on the ring increases the
o-frame. The larger number of S and A conbinations of the o~bonding
MO"s induces an upward shift of the highest é—bdnding MO's and conse-
quently increases nonbonding MO- o MO interactions. Both the S and A
combinations of the nonbonding MO's are destabilized. However, the
S combination of the o-bonding MO @Jg,which is closer in energy to the
nonbonding orbitals , in the dicarbonyl framework, causes the higher

destabilization of the symmetric nonbonding MO, (ns). Figure 26 gives
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the energy values of the most available sigma MO's of the di-substituted
systems with the proper symmetry for mixing. A plot of both nonbonding
MO values (nA and ns) of the respective species are also included.

It can be seen that the energy values of the highest available sigma
MO's are in closer proximity to that of the n MO's (relative to w*) as
the size of the substituent increases. Consequently, a greater.dem

stabilization is observed for the n_ MO of the models with the larger

S
substituent.

Over-all, the through-bond interaction was enhanced with the ring
formation of CBD and with the size and number of alkyl substituents on
the ring. Variations in this interaction were observed with variations
of the substituent conformation. The physical picture of this
through-hond phenomena is seen via through-bond coupling of the n and o
orbital lobes. It was found that this coupling is enhanced by certain
favorable orbital orientations of the nonbonding lobes as well as by
certain orbital orientation’ of the sigma frame. Some orientations of the
substituent favored through-bond coupling, while with others important
overlapping was to a lesser degree. The greater interaction of the non-
bonding lobes was observed when the ¢ orbital lobes of the substituent
were favored with the CBD system for interaction. This increased 0-o0
interaction and consequently induced the upward shift of the o MO
energies.

This investigation could in no way simulate all possible con-
figurations that could be encountered by an alkyl species in solution;
however, this study did monitor interactions involved for a wide vari-
ety of selected conformations. An interesting observation in figure

is that of the ethyl di-substituted species. Results from the 0° and
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180° rotated models are presented., The HOMO interaction was maximized
at the 180° rotation. This configuration enhanced HOMO and o MO
mixing. The LEMO mixing was maximized at 0° rotation, where through-
space interaction was increased. Consequently the two configurations
gave significantly different n-n* energy values, The smallest n-7%*
value occurs at the 180° rotation, where n is more destabilized and
m% is less destabilized (relative to the 0° rotation).

Since rotation of the ethyl group parallels that of a t-butyl,
the isolation on this particular movement of the ethyl group gives
some insight into the interactions involved for the t-butyl. The
t~butyl group has three such terminal methyl groups, 120° apart, simul-~
taneously undergoing this type of rotation and this type of interaction.
Just as in the case of ethyl substitution, the t-butyl group provided
the smallest n-m* transition when a terminal methyl carbon was rotated
180° (staggered conformation).

Table 27 summarizes the n-n* transition energies of the most stable
1,2-cyclobutanedione systems with 3,4 di-substitution. It is recalled
that the observed empirical n-m* transition value of DICD is 49 my
greater than that of CBD. EHMO predicts this difference to be approxi-
mately 84 my. The EHMO results indicate that the influence of the
t~butyl group can indeed be expected to cause a shift in the n-7* ab-
sorption spectra of CBD of the magnitude (49 mp) and direction that is
empirically observed. The calculated n-7* energy values from the
EHMO theory, as expected, are higher than the actual empirical values
observed. However, the EHMO values are in qualitative agreement with

the solution absorption spectra of the CBD and DTCD diketones.
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Table

Calculated n-7* transition energies of
1,2 cyclobutanedione with 3,4 di-sub-

stitution,
Model
Substituent Number Amax(mu) Akmax
-h- 111 636 -
~CH, XTI 665 29
~C,H, 0°) XXVII 657 21
~C,H (180°) XXVIII 716 80
-t-butyl (0°) XLIX 717 81

-t-butyl (60°) LI 720 84
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It is of interest to note that the only other substituent pre-~
dicted to cause such an enormous shift in the n-m* transition (relative
to CBD) 1is the di-ethyl substituent when constrained in a 180° ro-
tation. This, of course, is not a feasible expectation for an ethyl
group when in solution. The ethyl group can have an expected path of
rotation of over 180° without incurring any significant hindrances
from the adjacent (ring) hydrogen substituent or from the diketone
system. The conformation of the t-butyl group (50-70o rotation),
on the other hand, may be expected to be near that predicted by the
EHMO calculations. A more comstraining fluctuation in the rotation of
the staggered t-butyl may indeed be anticipated, since a large degree
of fluctuation (i.e. > = 200) would incur hindrances from the adjatesat
ring hydrogen or from the diketone netwgrk.

The chapter here has indicated, via EHMO Theory, that the n-7*
transition value of the CBD species is not only sensitive to the size
of the alkyl substituent used but also semsitive to the conformation
of the substituent as well. The study isolated an effect on the n
and 1% MO's of the diketone system that is generally caused by alkyl

substitution in the o position.



Chapter V

The Crystal Structure
of

3,4 Di-t-butyl cyclobhtanedione

The structure of 3,4 di-t-butyl cyclobutanedione (DTCD) is deter-
mined to support the MO and spectral studies of the compound. It ap-
pears as though the t-butyl groups play an important role in causing
the high Amax for DICD since the corresponding absorption maximum of
487 mpy for 1,2 cyclobutanedione occurs near the normal absorption
range.68 It has been shown that sigma bonds play an important role in
interactions in wn~diketones. It is also known that such interactions
depend on the conformation of the compound. Although the conformation
of DICD in solution may vary, comparison of the crystal conformation
with the theoretical conformation prediction in chapter IV is of great
interest. The ensuing crystal data may give insight into the probable
occurrence of specific intermolecular interactions or of the existence

of unusual bond lengths and angles for the DTCD system. The following

information for the crystal structure parallels that of the publication.
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a. Experimental

The compound was obtained from Professor H. Wynberg who reported
the synthesis and spectra.l A suitable data crystal was obtailned by
equilibrium diffusion of water into an ethan&l—water solution of the
compound. The crystal was enclosed in a thin-walled capillary because
it proved too volatile at normal room temperature and pressure.

All X-ray data of the block-~like (.4 x .4 x .3 mm) pink crystal were
measured on a Nonius CAD-4 automatic diffractometer using Ni-filtered
CuKo radiation (A=1.5418 AO), at room temperature (2600). The density
measurement and cell volume data (Table. 28) indicated that the unit cell
contained four molecules. The molecule therefore contains a two-fold
axis coincident - with one of those of the space group. The least-squares
cell dimensions were obtained from the averages of the 26 values of 40
reflections. The 1274 intensity data taken comprised all unique re-
flections with 26 less than 150°. The data were collected with 6-26
scans in which the © scan width, in degrees, was calculated as 1.0 +
0.1 tan® . The maximum scan time was 150 sec with 2/3 of the time spent
scanning the peak, while 1/6 each was considered indistinguishable from
the background, having I<2.0 o(I). For the purpose of least-squares re=-
finement, these reflections were assigned a value equal to 1.4 times the
square root of Ehe total count (T). Secondary extinction corrections
were made on the observed intensities according to the equation
=1 exp(-Cex

%x P). The constant Cex was determined to be

1
corrected t t

0.0000005 from the slope of a plot of log Fc/Fo versus P(net count) for
reflections having a Fo greater than 30, Absorption corrections were

omitted.
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Table 28

Crystal Data

Formula: C12H2002

F.W. 196.29

Systematic Absences: hk2: h+k=2n+1

hot: £ =2n + 1(h=2n + 1)
oko: k=2n+1
Space group: C 2/c Density (obs) = 1.048 gm/cm3
a = 10.063(1) Density (calc)= 1.048 gm/cm>
b = 7.7273(5) Z =4
c = 16.190(2) V = 1244.1 A°3

98.811(7)°

o
1
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. b. Structure Determination

The oxygen-oxygen and carbon-carbon (ring) vectors were identi-
fied on the v=0 section of the Patterson synthesis. By building a
model it was possible to postulate carbon and oxygen atom positions and
to compare interatomic vectors for these on the Patterson map. This
model was used in an initial structure factor calculation. The temper-
ature parameters of the nonhydrogen atoms were made isotropic and the
R index (R = T((||kF_|-|F_||)/E|kF |) which had an initial value of
0.55, dropped to 0.16 after a few cycles of least-squares refinement.
At this point the temperature parameters of the non-hydrogen atoms were
made anisotropic and the R subsequently decreased to O.iZ. All hydrogen
atoms were located from a difference Fourier synthesis, and were includ-
ed in the least-squares refinement. The extinction‘correction yielded
the final R value of 0.060 for all data while the R for the reflections
with I>29(I), is 0.046. The final difference Fourier showed no nega-
tive or positive peaks greater than 0.15 e/A°3. The parameter shifts in
the final least-squares cycle were all less than 0.250.

All least-squares refinements were made uéing the block-diagonal

least-squares program of Ahmed73

while using 9x9 and 4x4 blocks. A
logical routine74 which may exclude certain reflections from least-
squares refinement, was used during the refinement., The final position-
al and thermal parameters and their estimated standard deviations are
given in Tables 29 and 30. The atomic scattering factors for C and 0O
were taken from the International Tables for X-ray Crystallography75

The scattering factors for hydrogen atoms were those of Stewart, Davidson

and Simpson76.
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Table 29

Parameters for the carbon and oxygen atoms

The x, y and z are expressed in fractions of the cell edges.

The anisotropic temperature factors are expressed in the form:

2 2 %
exp [-2m (Ullh a

2
22

2 %
+U,. kb +U

2, 42

33

* %
27c 42U 2hka b +2U

hRa e +2U
13hka ¢ +2U

23

Standard deviations for the last digit are given in parentheses.

0(1)
c(2)
€(3)
C(4)
c(5)
C(6)
c(?)

SUP(00N00) (6 p., 1 microfiche).

X

-0.1278(2)
~0.0602(2)
-0.0565(1)
-0.0276(2)

0.0955(2)
-0.1500(2)
-0.0082(3)

Us3

0.1643(17)
0.0861(10)
0.0589(8)

0.0594 (8)

0.0638(10)
0.0782(12)
0.1053(16)

+The final F_ and F

y

-0.1238(2)
-0.0134(2)
0.1841(2)
0.2620(2)
0.1783(4)
0.2296(3)
0.4567(3)

Uss

-0.0357(8)
~0.0100(7)
0.0000(5)
-0.0086(8)
-0.0054(13)
-0.0030(11)
-0.0366(14)

2

0.2988(1)
0.2751(1)
0.2781(1)
0.3664(2)
0.4172(1)
0.4099(1)
0.3585(2)

U13

Ull

0.1217(12)
0.0683(8)
0.0463(6)
0.0686(9)
0.0807(12)
0.0901(13)
0.1662(23)

12

0.0478(12) 0.0104(9)
0.0123(8) 0.0049(8)
0.0133(5) 0.0025(6)
0.0216(7) -0.0065(8)
0.0021(9) -0.0025(12)
0.0409(10)-0.0003(11)
0.0665(17)~0.0398(¢12)

UZZ

0.0758(8)
0.0547(8)
0.0524(7)
0.0766(10)
0.1644(22)
0.1220(17)
0.0828(14)

o tables have been deposited with the
British Library Lending Division as Supplementary Publication No.

Copies may be obtained through the

Executive Secretary, International Union of Crystallography, 13 White
Friars, Chester CH1 1INZ, England. '
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Tgble 30

Parameters of the hydrogen atoms

‘The x, y and z are expressed in fractions of the cell edges.

Standard deviations for the last digit are given in parentheses.

H(8)

H(9)

H(10)
H(11)
H(12)
H(13)
H(14)
H(15)
H(16)
H(17)

X

~-0.139(2)
0.177(2)
0.113(3)
0.088(3)
-0.134(2)
-0.157(2)
-0.234(2)
0.003(2)
0.066(2)
-0.088(4)

y

0.236(2)
0.194(3)
0.218(3)
0.049(3)
0.281(3)
0.099(3)
0.281(3)
0.509(4)
0.480(3)
0.527(6)

Z

0.250(1)
0.391(1)
0.473(2)
0.420(2)
0.470(2)
0.417(1)
0.378(2)
0.408(2)
0.328(1)
0.325(3)

B

5.3(3)
8.3(5)
10.8(7)
10.4(6)
9.7(6)
8.2(5)
10.3(7)
11.5(7)
9.1(5)
18.8(12)
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A weighting scheme was used which assigns an experimental

weight to each structure factor as defined below:

Wp = l/on2 .
op = 121 gy o)
P

in which

g = Tl/zv

V = scan speed

T = total count

P = (Pk - 2(R + L))

R = right background count

L = left background count

LP = Lorentz and Polarization corrections

Py = peak count

In the structure factor analysis the average values of
WF(AF)2 did not show a significant variation with either |FO| or

sin 8/A, validating the weighting scheme used.
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c¢. Description of the Structure

The bond distances are shown in figure 27 and Table 31. The
bond angles are listed in Table 32. Figure 28 shows atom numbering
scheme used.

Cyclobutane rings exist in both planar and puckered conforma-
tions. Infrared and Raman studies have indicated that the nonplanar
conformation of these rings is more favorable than the planar conforma-
tion77, but most of the reported centrosymmetrically substituted rings
are planar in the solid state78. Therefore, it was not surprising to
find that trans 3,4 di-?—butylcyclobutanedione has a nonplanar ring
conformation (Table 33). The ring carbons are 0.028 A° (over nine
standard deviations) out of the least-squares plane, calculated for C(2),
C(3), C(2') and C(3'). The dihedral angle between the plane through
C(3), C(2) and C(2') and the plane through C(3), C(3') and C(2') is
174.30(2). The reported dihedral angles for puckered cyclobutane rings
range from 145° o 161°,7°

The dihedral angle of DTCD is large for puckered ring conformationms,
and this is probably due to the diketone substitution. The dihedral
angle between the carbonyl groups, i.e., the torsion angle 0(1)-C(2)-
c(2")-0(1"), is 7.6

Two long C-C bond lengths of 1.560(3) A% are found for C(2)-C(2')

and C(3)-C(3'). Long bond lengths in cyclobutane rings are common,80

usually in the range from 1.547 to 1.58 Ao.81 A short bond length of
1.527(2) A° is observed for C(2)-C(3) which is symmetrically identical
to the bond C(2')-C(3'). The shortening of this bond is consistent with

the significant overlap of the p-m atomic orbital on C(2) with sigma-
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Figure 27. Bond distances, not involving hydrogen. The
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Table 31

Carbon-hydrogen bond lengths

The standard deviations for the last digit are given in parentheses.

C(3)~H(8) 0.97(2) A° c(6)-H(13) 1.02(2) A°

C(5)~H(9) 0.99(2) c(6)-H(14) 1.00(3)

C(5)~H(10) 0.94(3) C(7)-H(15) 0.88(3)

C(5)~H(11) 1.00(3) C(7)-H(16) 0.97(2)

C(6)~H(12) 1.04(3) C(7)-H(17) 1.05(5)
Table 32

Bond Angles

The standard deviations for the last digit are given in parentheses.

0(1) c(2) c(3) 136.0(2)°
0(1) C€(2) c(2') 134.1(2)
c(3) c(2) c(2") 89.9(1)
c(2) c(3) c(3')  B89.9(1)
c(2) c(3) c(4)  114.8(1)
cl4) C©(3) C(3')  119.4(1)
CC4) C(3) H(8) 107.0(20)
c(3') c(3) H(8)  112.4(10)
c(2) c(3) H(8)  112.7(9)
C(3) C(4) C(5)  111.0(2)
c(3) C(4) c(6)  108.2(1)
c(3) c@) c(7) 108.4(2)
c(5) c(4) c(6)  109.1(2)
c(5) Cc(&) c(7) 111.1(2)
c(6) c(&) c(7) 108.9(2)
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Intramolecular distances involving the hydrogen atoms.
Atomic numbering scheme for Tables.
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Table 33

Least-squares planes

C(3) c(2") c@3") 5;494x

C(2)

C(3) c(2) c(2) 5.185x
C(2") €(3') C(3) -5.789x
0(1) c€(2) c€(3) c(2") 5.123x

X, y and z are fractional

0.000y + 12
0.283y + 12
0.283y -~ 11
0.338y + 12

.0522
L4242
L6492
L4922

coordinates.

Distances from planes (Ao)

Atom

0(1)
c(2)
c(3)
o(1'")
c(2")
c@3"
c(4)
c(5)
c(6)
c(7)

(D

~0.114
~0.028
0.028
0.114
0.028
~0.028
1.252
2.540
1.103
1.263

(1)

~0.004
0.009
-=0.002
0.085
-0.002
-0.125'

[ | | B
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- hybrid orbitals on C(3) as reported for a similar diketone by Neely,

78,81 have

Fink, van der Helm and Blbomfield.82 Shirrell and Williams
reporped a short bond occurring in the ring of two other cyclobutane-
dione structures: the corresponding bond lengths are 1.515(6) A° for
2,2,4,4-tetramethyl-3-thio-1,3-cyclobutanedione, and 1.507(2) for
2,2,4,4~tetramethyl~1,3-cyclobutanedione.

The shortest bond not involving hydrogen in the compound is, as
expected, the carbonyl bond length, C(2)-0(1). The length of 1.191(2)
A® is shorter than the average carbonyl bond length of 1.215 A° re-
ported by Suttonaz. This épparent shortening may well be caused in part
or completely, by the high thermal motion of the oxygen atom (Table 29),
although other short carbonyl bond lengths have been reported for simi-
lar systems.83 Other atoms in the molecule show high thermal motion
as well (Table 29). Two ring carbons, C(3) and C(3'), show the least
thermal motion, while two t-butyl atoms, C(5) and C(7) show the highest.
An apparent shortening of the C-C bonds occurs throughout the t-butyl
groups. Thié is probably caused by the large thermal motion of the
t-butyl carbons, especially for C(5) and C(7), which are involved in
the shortest C~C bonds. It is interesting to note that the t-butyl
carbon, C(6), closestvto the oxygen, 0(1), shows the least vibration of
the three methyl groups. Also, the hydrogen H(13) bonded to C(6)
(Figure 28) presents the shortest intramolecular distance between the
oxygen atom and a methyl hydrogen atom. This distance of 2.63(2) A°
is comparable to the van der Waals distance of 2.6 AO.BA;

A rigid body calculation was carried out using the method of

85 4ith the appropriate restrictions imposed for

2
was 0.0043 A° |

Schomaker and Trueblood

¢ molecule with C2 point symmetry. The R.M.S. AUij
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whereas the R.M.S. o‘Uij was 0.0011 A° . This indicates that the
molecule does not behave as a rigid body and the associated bond dis-
tance corrections can therefore not be made.

The shortest non-bonding intramolecular distance in DTCD occurs
between two hydrogens. The nearly perfect staggering of the C-C and
C-H bonds in the t-butyl group causes H(Q') on C(5') to be only
2.29(2) A®° from the H(8) on C(3), (Figure 28). This is somewhat short-
er than the van der Waals distance of 2.4 A° between two hydrogen atoms,
and suggests some intramolecular overlap. |

The shortest intermolecular distance observed is the distance be-
tween the ring hydrogen, H(8), of one molecule and an oxygen atom (0")
of a symmetry related molecule (-1/2-x, 1/2+y, 1/2-2z) (Figure 30). While
this distance of 2.59(2) indicates relatively little interaction, the
fact that the ring hydrogen ig the most acidic86 and that the C(3)-H(8)
and H(8)-0" vectors are colinear cannot be ignored. (C(3)-H(8)=0.97 Ao,
€(3)-0"=3.55 A°). A point of interest is that the only other inter~
molecular distances less than 3;00 A° are also H-O" distances. These
distances are 2.75 and 2.99 A° and involve H(9) and H(17) respectively.

All intermolecular distances not involving hydrogens are greater than

o

3.5 A7,

The bond angles in the t-butyl group for the non-hydrogen atoms
range from 108.2° to 111.10, Table 32,and average 109.450. The bond
angles involving the methyl hydrogen atoms have an average value of 109.4°.
All four of the angles in the cyclobutane riﬁg afe equal with a value of
89.9(1)°.

Atoms 0(1), €(2), C(3) and C(2') are relatively coplanar. The three

angles, 0(1)-C(2)-C(3), 0(1)-C(2)-C(2'), C(3)-C(2)~C(2'), in this plane
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Figure 29. An ORTEP stereographic drawing of DTCD

Figure 30. An ORTEP drawing of the packing of the mole-
cules,
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differ, as expected, from the normal 120°. The respective values of
136.0(2), 134.1(2)° and 89.9(1)° reflect the expected strain in four-
membered rings. Similar angles for other ring diketones have been re-
ported. Fink, et al.83, reported the corresponding angles of 134.2(2)0,
135.5(2)O and 90.3(l)°vfor an o—-diketone; Shirrell, et al.8} reported
131.9(2)°, 134.6(2)° and 93.5(1)° for a 1,3 diketone.

The C-H bond distances average 0.99 AO, with the extremes being
0.88(3) A° for C(7)-H(15) and 1.05(5) A° for C(7)-H(17). The carbon in-
volved in both cases, C(7), has the highest thermal motion for the mole-
cule. Figure 29 is a stereographic drawing of DICD. Figure 30 is an

ORTEP drawing of the molecular packing.
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Conclusion

The sfructure of DTCD provides information for at 1éast three
points of interest. Two of these were presented in the earlier investi-
gations of de Groot, et al..l Point one occurs in the report of the com—v
pound's preparation from a mixture of dl and meso diesters. The react-
ing form was postulated to be dl and the structure determination indeed
verifies that assumption. The second point arises in the comparison of
the electronic spectrum of DTCD with those obtained for the tricyclo
(4.4.2.0)l’6dodeca—3,8—diene—ll,12-dione (2DB), and its tetrahydro de-
rivative (ODB). It was noted in chapter I that the DICD spectrum cor-
responds closely to that of the unsaturated o-diketone (2DB) rather than
to the saturated compound (ODB), as might be eipected. Both the 536 mu
for DICD and the 537.5 mu for 2DB are above the expected maximum of
480 my ‘for a n-m* transition for unsubstituted a~-diketones. It is
certainly not unreasonable to expect the spectral similarities of DTCD
and 2DB to depend at least partially on some of the structural similari-
ties of the two compounds. Some of these similarities are noted: both
compounds have short carbonyl bond lengths of 1.19 Ao; both have C~C
bond shortening occuring in the ring; both have nonplanar carbonyl dihe-
dral angles, although the carbonyls of 2DB are in a planar ring, while
the carbonyls of DTCD are in a nonplanar ring and both have 3,4 substi-
tution of sigma bond networks. A theoretical comparison of the fore-
mentioned compounds is discussed in the following chapter (VI). Their

similar n~-m* transitions are discussed in detail.
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The third, and perhaps more interesting, point is the comparison
of the crystal conformation with that of the theoretical conformation.
The crystal structure data reveals no unusual bond distances or angles
for the DICD structure, and intermolecular interactions appear negli-
gible. EHMO calculations (chapter V) predict that the t-butyl substit-
uents alone can be expected to cause a significant bathochromic shift
in the n-m* absorption spectrum of DICD. It is of interest to deter-
mine whether the crystal structure version will support this theoreti-
cal interpretation. An EMO analysis of the crystal form and a de-

tailed comparison of the two species is also presented in chapter VI,



Chapter VI

Discussion

Salient points in this work, which deserve further emphasis, are

presented below.

I. Evaluation of the influence of alkyl substituents in absorption

spectra from empirical data is presented.

It is known that alkyl substituents such as methyl groups, etc.
have significant bathochromic influences in the absorption spectra of
various chromophoric groups (See chapter I). However, there is no
direct empirical assessment of the magnitude of such effects in the
n-n* absorption spectra of substituted dicarbonyls. An indirect basis
for assigning a quantitative value for this inflﬁence was presented in
chapter I.  This involved evaluating bathochromic effects of alkyl sub-
stitution in the absorption spectra of various chromophoric groups
other than dicarbonyl. Alkyl substituted monocarbonyls and alkenes
were among those considered. The average values deduced for a batho-
chromic shift caused by a methyl substitution and by a di~-t-butyl sub-
stitution, respectively, are 12-15mp and 44 my., These values seem
quite reasonable in view of the red shift of 49 mpy observed for the

DTCD compound. 144
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II. The existence of‘a through-bond interaction in dicarbonyl is

theoretically supported.

A through-bond mechanism is observed in_CBD systems, This inter-
action is significantly enhanced by the four-membered ring formation as
well as by alkyl substitution on the ring. Destabilization of both the
symmetric and antisymmetric nonbonding MO's is observed. The influence
of t-butyl substitution is shown to account for an unusually large red
shift of the n-m* transition of CBD. A bathochromic trend in the n-m%
absorption spectra for increased alkyl substitution on the CBD ring is
established. Substitﬁent as well as conformational effects are ex-
plained, respectively, in terms of an increasing destabilization of o-or-
bitals and in terms of favorable orientations of the respective orbi-
tal lobes.

The through-bond mechanism for the CBD system is not uncommon for
diketone models21 and the explained physical phenomena are in accord
with other éuch observations in the literature. Heilbronner and
Martin63 in a photoelectron .spectroscopic study of m-
orbital sequences in norbornadienes, showed that substitution of alkyl
groups induced an upward shift of the orbital energies of the highest
occuppied o-orbitals, due to the enlargement of the g-frame. This sub-
sequently caused greater destabilization of the HOMO. Hoffmann,
Imamura and Hebre21 showed in a theoretical study of radical lobes of
benzynes and didehydroconjugated molecules that through-bond interactions
depend oﬁ the orientation of the ¢ bonds and on the orientation of the

lobes themselves; thus inferring conformational effects.
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Spafford and Vala59 very recently reported a theoretical study of the
n~-m* transition of 1,3 cyclobutanedione. The interaction of the car-
bonyls' nonbonding n and 7* antibonding orbitals are discussed qualita-
tively in terms of through-space and through-bond mechanisms. Through-
bond interactions are shown to be the major cause of the large n orbital
splitting. It was also shown that the simple extended Huckel theory
gives more satisfactory results for the position, ordering, and spacing

of the n and 7™ states than do CNDO methods.

IIT. More accurate n-m* transitions from HIMO data are predicted.

The FHMO method has revealed tremendous success with conformation-
al predictions and qualitative interpretations for compounde in a com-
mon series. However, the quantitative predicfions from the FHMO theory
leave much to be desired. As expected, the n-n* energy values calcu-
lated in this study are much higher than the actual empirical values ex-
pected. Since the EHMO valués are qualitatively correct for the known
empirical values in the CBD series, improved theoretical n-m* values for
the series are obtained by equating the empirically known values for CBD
and DICD to their réspective EHMO values and obtaining an average pro-
portionality factor. Table 34 lists these adjusted AE values for the CBD
series. The predicted A's are the best possible. It, of course, would
be interesting to compare these values with the corresponding empirical

values when more compounds of the CBD series are synthesized.
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Table 34

n-1* Energy values for di-substituted 1,2 cyclobutanediones

Substituent Expt. Ept. HIMO EHMO# EHMO# Error
AReV AEmyu AFeV AKeV ARmu %
-H 2.54 = 487 1.95 2.54 479 2
~CH, - - 1.86  2.47 502 -
4(-CH,)? - - 1.82 2.42 512 -
~C,H; (0%) - - 1.89  2.51 494 -
-c2H5(180°) - - 1.73  2.30 539 -
~C,H, (ave.) - - 1.81 2,41 514 -
-t-butyl 2,31 536 1.70  2.26 548 2

?tetra methyl substituted
avg.proportionality factor = 1.33
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1v. A crystal structure investigation reveals the stable conformation

of DTCD as that which was theoretically predicted in chapter IV of this

work via extended Huckel Theory.

Table 35

Predicted and Experimental Comparisons of

Conformational Parameters of DTCD

Vertex carbon angles

i But Methyl
of t-butyl Rotation of utane y

- i hydrogens

Vertical Horizontal t-butyl ring ydroge
SDTCD ( ERMO) 112-117° 120° 60-70° 180° staggered
CDTCD ( Expt) 114.8° 119.4° 67.6° 174 staggered

The x-ray crystal structure of DTCD was determined to obtain the
actual configuration of DTCD in the crystalline state and to rule out
the possibilities of unusual intramolecular and intermolecular dis-
tances. Pertinent information on this work is reported in chapter V.

It is indeed gratifying to point out that the conformation de-
termined for the crystalline species (CDTCD) closely parallels that
which was predicted via ﬁHMO energy parameters (SDICD). Two struc-

tures' conformation values are compared in table 35.
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The molecular interactions in CDTCD, as may be expected, parallel
those of the SDICD systems. The n and w* MO's are both significantly
destabilized relative to CBD., The energy increases of the n and w*
MO's are 0.44 eV and 0.19 eV, respectively. The increase of the n MO
is due to the same type of interactions postulated for the SDTCD
system (figure 22 ). However, the interactions for CDTICD are more pro-
nounced. This is probably due to its over-all shorter bond lengths.
The C-C and C-H bond lengths for the CDTCD structure average 1.53 A°
and 0,99 Ao, respectively. The corresponding values for SDICD are
1.54 A® and 1.1 A°. The ovér—all effect is a smaller n-n%* energy
value for CDTCD than for the predicted SDTCD model. CDTCD is also the
most stable (LTEE) of all the di-t-butyl species analyzed. The SDTCD
model could obviously have been improved by bond length variationms.
Such variations should be considered in any future work of this type.
The FHMO results and atomic coordinates of CDTCD are listed in appendix.

(See page 156).

V. A theoretical tasis for explaining the similar and unusual

spectra (n-7m*) of DICD and 2DB (See Chapter I) is provided.

The unusually large n-m#* xmax values of both DTCD and 2DB are
apparently due to through~bond mechanisms. However, the close similar-—
ities in these values are probably coincidental. (Amax for DTICD = 536 myu,

Amax for ZDB.= 537 mu).
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The EHMO Theory predicts the n-w* AE for the crystal conformations
of DTCD and 2DB to be 1.58 eV and 1.47 eV respectively., These are not
as close as the respective empirical values, but both EHMO values are
within 3% of the average value, 1.53 eV. (The 1.58 eV value for DICD is
obtained when using the same EHMO parameters as those used in the Neely
study.lg). |

Since the AE values for the EHMO prediction are for single mole-
cules, thé fact that they are not exactly equivalent, as reflected in the
respective solution absorption spectra, is not surprising. The empiri-
cal values are, of course, influenced by the presence of solvent and by
the freedom of the species for conformational changes. Since both
species cannot be expected to be influenced identically while in solu-
tion, their "similar" n-n* energy values in solution are certainly feasi-
ble. The small 3% difference in the theoretical values for the single
molecules means that relatively small conformational or solvent effects
could account for the experimental agreement.

It is of interest to note, however, that F:i.nks5 studied three dif-
ferent conformations of the 2DB species. 'The most stablé conformation of
the three was predicted to be the most prevalent in solution. This
structure had both six-membered rings "endo" (ring up) to the four-member-
ed ring. The structure which had both six-membered rings "exo" (ring
down) to the four-membered ring was predicted to have an n-m* energy value
of 1.57 eV. This value for 2DB reflects the similarities observed for
the respective DTCD and 2DB empirical values. This, of course, suggests
that, in solution, the 2DB compound resides more in the "exo'" conformation,

while the DTCD compound resides in the conformation predicted. The "exo"



151

conformation for 2DB, sterically, could be expected to be more stable
while in solution. The difference in total energies of the "endo" and
"exo" conformations is 0.24 eV, The difference of the 0° and 60° con-
formation of DTCD is 0.75 eV. The conformational change for the 2DB |
species would be more easily.overcome, relative to DICD. It is real-
ized, however, that the suggestion of a new conformation for 2DB may be
pushing the limits of accuracy of the EHMO method. An investigation
featuring raman spectroscopy to determine solution conformers would be of
special interest. |

The molecular orbital and structural investigation of 3,4 di-t-
butylcyclobutanedione and related compounds, covered in this study have
revealed valuable information about the intramolecular interactions of
alkyl-substituted dicarbonyls. The results will aid in expanding pre-
sent knowledge of the electronic composition of dicarbonyls and speci-
fically improve the interpretation of the n-m* absorption spectra of
such systems. Although the final analysis and interpretations of this
investigation apply directly to cyclobutanedione systems, the possible

application of this work to carbonyl systems in general is clear.
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APPENDIX GUIDE

The APPENDIX GUIDE lists the location (Table No. & Page No.)

of the EHMO & Coordinate values by Model No. for each re-~
spective model studied in this work. (*located in text)

XXIX t-butyl CBD 43 166-7

Model No. Description EHMO Values ngggigates
Table Page Table Page

I %gly~-120 4a 45 4b 45
I1 *aly-90 5a 48 5b 48
111 *CBD 6a 52 6b 52
v gly-120-1 methane 36 159 53 183
v %gly-120-2 methanes 7a 58 7b 59
VI gly-90~1 methane 36 159 53 183
VII #%gly-90~2 methanes 7a 58 7b 59
VIII CBD-1 methane 37 160 54 184
IX *CBD- 2 methanes 9a 64 9b 65
X %CBD- 1 methyl (0°) 1la 69 11b 70
XI #CBD- 1 methyl (60°) 1la 69 11b 70
XI1I cls methyl CBD (0°) 38 161 55 185
XIIT trans methyl CBD(OO) . 38 161 55 185
XIV cis methyl CBD (30°) 39 162 56 186
XV trans methyl CBD (30°) 39 162 56 186
XVI %cis methyl CBD (60°) 13 74 15 76
XVIiI %trans methyl CBD (600) 14 75 15 76
XVIII cis methyl CBD (90°) 40 163 56 186
XIX trans methyl CBD (90°) 40 163 56 186
XX cis methyl CBD (90°) 41 164 55 185
XXT trans methyl CBD (90°) 41 164 55 185
XX1I *tri-methyl CBD léa 80 16b 81
XXIII  *tetra-methyl CBD 17  82-83 57 187
XXIV mono-ethyl CBD (0°) 42 165 58 188
XXV mono-ethyl CBD (120°) 43 165 58 188
XXVI mono-ethyl CBD (180°) 44 165 59 189
XXVII  *di~ethyl CBD (0°) 19 90 20 91
XXVIII  *di-ethyl CBD (180°) 19 90 20 91
60 190



APPENDIX GUIDE(Cont.)

Model No.

XXX
XXX1
XXXIIL
XXXTII
XXXTIV
XXXV
XXXVI
XXXVII
XXXVIII
XXXIX
XL

XLI
XLII
XLIIT
XLIV
XLV
XLVI
XLVII
XLVIII
XLIX

L

LI

LI1
LIII
LIV
LV

LVI
LVII
LX1

Descript

t-butyl CBD
t-butyl CBD
t~butyl CBD
%*t-butyl CBD
t-butyl CBD
t-butyl CBD
t-butyl CBD
t-butyl CBD

ion
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t~butyl CBD (0°)
*t-butyl CBD(3OO)
(50
(60°)
(70°%)
(80°)
(90°)
(100°)
(30%)
(60°)
(90°%)

t-butyl CBD
t-butyl CBD
t~-butyl CBD
t-butyl CBD
t-butyl CBD
t-butyl CBD
t-butyl CBD
t~butyl CBD
t-butyl CBD
ci~-t~butyl
di~t-butyl
#di-t~butyl
di-t~butyl
di~t-butyl
di~-t~butyl
di-t~butyl
*di-~t-butyl

ethane

CBD
CBD
CBD
CBD
CBD
CBD
CBD
CBD

1,2 di-t-butyl

(0%

(30°)
(60%)
(90°%)
(90°%)
00
60
(xtal)

o]

ethane

EHMO Values Coordinates
Table Page Table Page

43  166-7 60 190
43 166-7 61 191
44 168-9 61 191
22 96-7 62 192
44 168-9 61 191
44 168-0 61 191
45  170-1 63 193
45  170-1 63 193
45  170-1 63 193
24 106-7 63 193
24 106-7 64 194
24 106-7 64 194
46 172-3 64 194
46 172-3 64 194
46 172-3 65 195
47  174~5 65 195
47  174-5 65 195
48  176-7 62 192
47  174-5 65 195
49 178 66 196
49 178 66 196
26a 111 26b 112
49 178 67 197
50 179 67 197
51 180 68 198
51 180 68 198
52 181-2 26b 112

202 202

203 203
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APPENDIX

The following tables list the selected EHMO values,
atomic coordinates and any other pertinent data relative
to this investigation that for clarity was not located

in the main text.
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Table 36

Selected EHMO's for Glyoxal Interactions

Models: IV & VI
Cl Symmetry

Model IV: Gly-120 with one methane
Model VI: Gly-90 with one methane

Model IV Model VI
MO(sym.) mg (A) mg(d)  m, (&) w &) ng®)  n, ()

Energy ~-11,167 -13.788 -14,924 -11,170 -13.348 -14.818
(ev)

]

Ci] s .

H(L) -0.002 -0.278 0.268 -0.003 0.260 0.316
H(2) 0.026 -0.360 -0.213 0.028 0.304 -0.321
H(3) 0.036 =0.036 -0.206 0.036 0.022 -0.196
H(4) 0.012 -0.071 -0.257 0.011 0.031 -0.212
H(5) -0.058 0.031 0.319 -0.056 ~0.001 0.247
H(6) -0.038 0.129 0.180 -0.037 -0.078 0.198
0(1,s) 0.006 0.007 -0.010 0.008 0.019 -0.005
0(2,s) 0.002 0.001 -0.027 0.002 0.021 0.007
c(1,s) 0.009 0.070 ~0.147 0.006 ~0.109 -0.177
c(2,s) -0.002 0.110 0.045 -0.006 ~0,132 0.118
c(3,s) -0.028 0.021 0.036 -0.027 ~0.014 0.036
0(1,x) 0.002 -0.294 0.111 0.001 0.318 0.083
0(2,%) -0.003 0.292 -0.100 -0.004 ~0.318 -0.041
c(1,x) -0.013 0.348 -0,051 -0.011 ~0.410 -0.020
c(2,x) 0.002 -0.335 0.096 0.003 0.404 0.063
c(3,x) -0.043 0.053 0.192 -0.042  -0.035 0.188
0(1,y) -0.312 -0.033 -0.200 -0.312 0.167 -0.160
0(2,y) -0.342 -0.008 -0.013 -0.342 0.006 -0.013
c(1,y) 0.621 0.027 0.038 0.622 -0.019 0.039
c(2,y) 0.667 0.010 0.013 0.667 -0.008 0.013
c(3,y) 0.065 -0.124 -0.387 0.064 0.069 -0.442
0(1,2) 0.007 -0.263 -0.151 0.002 0.186 -0.197
0(2,2) -0.001 -0.201 0.251 -0.003 0.161 0.258
c(l,z) -0.022 0.266 0.151 -0.017 -0.267 0.220

C(2,2) ~0.000 0.198 -0.177 0.003 -0.230 -0.235
c(3,2z) -0.058 -0.083 0.143 -0.058 0.067 0.074

TEE = -615,394 eV TEE = -614,273 eV
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Table 37

Selected EHMO's for CBD Interaction

Model VIIT: CBD & one methane

Cl symmetry
*
MO (sym.) . L (a) nS(A) oS(A) nA(A)
Energy (ev) -10.873 -12,849 -13.509 -13.710
C..'s
1]

H(L) -0.136 -0.079 0.049 0.134
H(2) 0.126 -0,088 -7,131 -0.122
H(3) -0.123 -0.065 0.282 -0.239
H(4) 0.139 -0.072 0.220 0.073
H(5) -0,025 0,002 0.221 -0,097
H(6) 0.045 0.024 0.035 0.069
H(7) -0.005 -0.025 -0.218 0.054
H(8) -0.020 -1.010 -0.190 0.032
0(1,s) 0.001 0.020 -0.004 0.039
0(2,s) 0.002 0.021 -0.014 -0.028
c(1,s) -0.001 -0.912 -0.Q11 -0.211
c(z,s) 0.003 -0.083 0.136 0.170
c(3,s) 0.005 0.070 0.030 0.041
C(4,s) -0.001 0.053 -1.078 -0,017
C(5,s) -92,013 -0.004 -0.070 0.015
0(1,%) -0,000  -0.282  0.045 -0.015
0(2,x) 0.001 0.280 -0.059 0.008
C(1,x%) -0,001 0.385 =0.068 =-0.018
Cc(2,x%) -0.002 ~0.389 0.028 -0.038
C(3,x) ‘ -0.008 0.017 -0.378 0.156
C(4,m) 0.002 -0.021 0.331 -0.123
C(5,x%) -0.070 0.000 ~-0.126 0.005
o(L,y) -0.321 0.001 0.011 -0.002
0(2,y) -0.312 0.005 0.004 0.013
c(1,y) 0.645 -0.002 -0.013 0.001
c(2,y) 0.633 -0.002 0.031 -0.019
c(3,y) -0,041 0.016  0.309 -0.093
C(4,y) -0.954 -0.003 ~0.074  0.028
c(5,y) 0.016 0.039 0.281 -0.051
0(1,z) -0.001 0.175 -0.043 -0.271
0(2,2) . . 0.002 0.181 0.117 0.227
c(,=z) 0.001 -0.274 0.082 0.308
Cc(2,2) -2.007 -0.286 -0.152 ~-0.272
c(3,2) 0.006 0.308 0.188 0.390
Cc(4,2) =0, 001 0.294 -0.076 -0.445

€(5,2) ' -0.018 -0.013 0.051 -0.072
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Table 38

EHMO Coefficients for the n & w* Orbitals of CBD
with Methyl Disubstitution. Models XII & XIII.

XII XIII

TEE = -861.120 eV ' TEE = -~861.378 eV

* 1Y \] ‘k{ ]
MO (sym) 'H'S(A ) nS(A) WS,A) nS(A)

Energy (eV) -10.813 ~12.698 -~10.805 -12.669

C..'s

iJ

H(1) 0.126 ~0.100 ~0.125 0.075
H(6) -0.020 ~-0.061 0.021 0.062
H(7) 0.014 0.072 ~0.029 -0.063
H(8) 0.027 0.049 -0.015 ~0.068
0(1,s) 0.001 0.021 -0.001 -0.020
c(1,s) -0.001 -0.083 0.012 0.079
C(4,s) -0.006 0.057 ~0.003 ~0.051
C(6,s) -0.043 -0.021 0.042 0.022
0(1,x) -0.009 -0.269 -0.001 0.265
C(1,x) 0.015 0.375 0.003 -0.372
C(4,x) -0.007 -0.065 -0.011 0.056
C(6,x) 0.054 0.052 0.049 0.047
0(l,y) 0.313 . -0.025 0.313 ~0.014
c(1,y) -0.635 0.038 0.634 0.919
C(4,y) 0.074 0.018 -0.075  0.036
c(6,y) -0.107 -0.055 0.114 0.083
0(1,z) 0.006 0.168 0.009 ~0.168
c(1,2) -0.015 -0.277 -0.019 0.278
C(4,2) 0.023 0.300 0.028 -0.304

C(6,2) -0.081 -0.088 0.088 0.106
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TABLE 39

EHMO Coefficients for the n & m* Orbitals of CBD with Methyl Disubstitution

Models:
X1V XV

TEE = -861.163 eV TEE = -861.417 eV

k3 %
MO (sym) WS(A") ns(A') ﬂS(B) nS(A)
Energy (eV) -10.8232 -12.6879 -10.8186 -12.6738
C..'s
N
H(1) -0.1298 0.0935 -0.129 -0.071
H(6) -0.0146 -0.0151 0.016 0.022
H(7) 0.0218 0.0539 -0.022 ~0.050
H(8) -0.0267 -0.0967 0.027 0.098
0(1,s) -0.0012 -0.0204 0.001 0.020
c(i,s) 0.0017 0.0800 -0.009 ~0.079
C(4,s) 0.0057 -0.0532 0.004 0.050
Cc(6,s) 0.0409 0.0195 0.039 -0.023
0(1,x) 0.0077 0.2678 0.000 -0.265
c(1,x) -0.0131 -0.3749 -0.002 0.372
C(4,x) 0.0102 0.0448 0.011 -0.051
C(6,%) -0.0582 -0.0369 -0.053 0.045
o(1,y) 0.2137 -0.0230 0.313 0.013
c(1,y) -0.6344 0.0345 -0.633 -0.018
C(4,y) 0.0761 . 0.0185 0.077 -0.039
C(6,y) -0.1185 -0.0568 -0.125 0.084
0(1,2) -0.0048 -0.1716 -0.007 0.169
Cc(1,z) 0.0120 0.2806 0.014 -0.278
C(4,z) -0.0197 -0.3039 -0.024 0.303

C(6,z) 0.0669 0.0961 0.069 -0.105
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TABLE 40

EHMO Coefficients for the n & w* Orbitals of CBD -
Dimethyl Substitution. Models XVIII & XIX.

XVIII XI1X

TEE = -861.376 eV TEE = -861.516 eV

k3 *

MO 1 1

(sym) wS(A ) ns(A ) nS(B) nSfA)
Energy (eV) ~10.816 ~12.709 -10.810 -12.679
C..'s
N
H(1) ~0.124 0.095 0.122 -0.070
H(6) 0.002 -0.025 -0.002 0.025
H(7) -0.035 -0.086 -0.012 -0.050
H(8) 0.011 0.053 0.038 0.096
0(1,s) -0.001 -0.020 -0.001 0.020
C(1,s) 0.001 0.081 0.011 -0.079
C(4,s) 0.004 -0.054 -0.004 0.050
C(6,s) 0.043 0.019 0.042 -0.023
0(1,x) 0.009 0.269 -0.001 ~0.265
Cc(1,x%) -0.015 -0.375 0.003 0.371
C(4,x) 0.012 0.050 -0.009 ~0.052
C(6,x) ~0.069 -0.043 0.068 ~0.051
0(1,y) 0.314 -0.025 ~0.313 0.013
C(1,y) -0.635 0.039 0.634 ~0.019
C(4,y) 0.074 0.021 -0.075 -0.043
C(6,y) -0.102 -0.062 0.103 ~0.087
0(1,2) ~0.006 -0.172 0.009 0.170
c(1,2) 0.015 0.279 -0.018 -0.278
C(4,z2) -0.020 -0.302 0.028 0.303

C(6,2) : 0.080 0.081 0.085 -0.103
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TABLE 41

EHMO Coefficients for the n & 7% orbitals of CBD with Methyl
Disubstitution.

Models(TEE) XX(-861.376 eV) XXI(-861.465 eV)

% *
MO (sym) vS(A) nS(A) ﬁS(A) nS(A)
Energy (ev) -10.819 -12.695 -10.814 -12.676
Ci.'s e
H(1) -0.130 -0.098 ~0.130 0.072
H(2) ~0.124 -0.090 0.123 0.069
H(3) -0.015 0.014 ~-0.016 -0.023
H(4) -0.026 0.097 ~0.028 -0.100
H(5) 0.021 ~0.052 0.023 0.051
H(6) 0.002 0.022 -0.002 -0.024
H(7) -0.036 0.089 0.038 -0.094
H(8) 0.013 -0.054 ~0.012 0.049
0(l,s) -0.002 0.020 0.001 -0.020
0(2,s) -0.001 0.021 ~0.001 ~-0.021
c(l,s) 0.002 -0.076 ~-0.011 0.076
c(2,s) 0.000 -0.084 0.011 0.083
C(3,s) 0.9001 0.053 ~0.004 -0.051
C(4,s) 0.005 0.054 0.005 -0.051
Cc(5,s) 0.043 -0.018 0.040 0.025
c(6,s) 0.040 -0.020 -0.043 0.023
0(1,x%) 0.008 -0.268 -0.001 0.265
0(2,x) -0.009 0.269 0.002 -0.266
c(1,x%) -0.014 0.375 ~0.001 -0.372
C(2,x) 0.015 -0.374 -0.004 0.371
C(3,x) -0.010 0.044 0.012 -0.051
C(4,x%x) 0.012 -0.046 0.009 '0.053
c(5,x) 0.069 -0.038 -0.054 -0.048
C(6,x) -0.056 0.039 -0.068 0.048
0(1,y) 0.314 0.024 0.314" -0.012
0(2,y) 0.314 0.025 0.313 0.014
c(l,y) -0.635 -0,037 -0.635 0.017
c(2,y) ~-0.634 -0.038 -0.634 -0.021
c(3,y) 0.075 -0,.021 0.076 -0.042
cl4,y) 0.076 -0.019 0.077 0.041
C(5,y) -0.102 0.061 -0,125 -0.088
c(6,y) ~0.121 0.058 -0,104 0.084
0(1,2) -0.005 0.176 -0.007 -0.173
0(2,2) ~0.007 0.169 0.010 -0.167
Cc(1l,z) 0.012 -0.286 0.015 0.284
C(2,z) 0.016 -0.275 -0.019 0.273
Cc(3,z) -0.023 . 0.297 0.027 -0.297
C(4,2) -0.019 0.311 -0.026 -0.311
c(5,2) 0.083 -0.087 0.069 0.109

C(6,2) 0.067 -0.097 -0.086 0.101
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TABLE 42
EHMO Coefficients for the m & w* Orbitals of CBD with Ethyl Mono-Substitution

Models XXIV, XXV & XXVI

XXIV XXV XXV1

TEE = -860.727 eV TEE = -861.221 eV TEE = -861.418 eV
* % *

MO (sym) vS(A) nS(A) ﬂS(A) nS(A) wS(A) nS(A)

Energy (eV) -10.824 -12.712 -10.830 -12.693 -10.856 -12.634

H(1) -0.113 0.045 0.133 -0.037 0.128 -0.013
H(2) 0.125 0.116 -0.129 -0.094 -0.129 -0.065 .
H(3) 0.138 0.057 -0.132 -0.064 -0.126 -0.112
H(4) 0.013 -0.002 -0.028 0.032 -0.023 0.049
H(5) -0.014 -0.011 0.052 -0.081  0.017 -0.071
H(6) -0.021 -0.031 -0.011 -0.002  0.027 -0.067
H(7) 0.023 -0.088 0.019 -0.081 -0.001L -0.026
H(8) 0.001 -0.096 -0.023 0.086  0.013 -0.020
0(1,s) 0.001  -0.024 -0.001 0.024 -0.002 0.027
c(2,s) 0.003 -0.009 0.000 0.012  0.000 0.009
c(1,s) 0.005 0.117 0.007 -0.117  0.007 -0.127
c(2,s) 0.008 0.037 -0.006 -0.032  0.007 0.040
C(3,s) 0.001L -0.056 0.008 0.044 -0.000 0.045
C(4,s) -0.003 -0.049 0.004 0.045 -0.005 -0.012
c(5,s) 0.039 0.034 0.041 -0.017 0.039 -0.014
C(6,s) -0.022 0.026 -0.016 0.028 -0.011 0.047
0(1,x) -0.0039  0.261 0.006 -0.254  0.005 -0.240
0(2,x) 0.003  ~0.264 -0.007 0.255 -0.006 0.242
C(1,x) 0.004 ~0.356 -0.010 0.347 -0.008 0.326
c(2,x) -0.011 0.371 0.013 -0.366 -0.015 0.066
C(3,x%) -0.002 -0.037 -0.010 0.046  0.002 -0.030
C(4,x) -0.007 0.020 -0.001 -0.021  0.011 -0.352
C(5,%) -0.045 0.033 0.052 ~0.033 0.076 ~0.068
C(6,x%) -0.030 0.035 -0.005 -0.041 -0.004 0.031
0(1,y) -0.324  -0.009 0.319 0.019  0.320 0.015
0(2,y) -0.298 -0.012 0.307 0.041  0.309 0.041
c(,y) 0.654 0.014 -0.644 -0.031 -0.644 -0.025
c(2,y) 0.620 0.031 -0.622 -0.062 0.083 -0.077
c(3,y) -0.061 0.022 0.087 -0.067 0.052  0.016
Cl4,y) ~-0.055 =0.001 0.061 -0.000 -0.623 -0.063
C(5,y) 0.110 -0.047 -0.123 0.124 -0.120 0.120
C(6,y) 0.042 -0.07- 0.024 -0.091 0.003 -0.054
0(1,z) -0.001 -0.127 ~0.000 0.121  0.001 0.096
0(2,z) 0.006 ~0.213 -0.010 0.210 -0.009 0.217
C(1,2) 0.002 0.210 0.001 -0.201 -0.001 -0.168
C(2,2) -0.021 0.336 0.023 -0.333 -0.030 0.406
C(3,2) 0.080 -0.377 -0.035 0.390 0.003 0.154
C(4,2) -0.001 -0.210 -0.003 0.203  0.020 -0.347
C(5,2) -0.080 0.170 0.095 -0.158 0.081 -0.207

C(6,2) -0.056 -0.107 -0.033 0.085 -0.048 0.206
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TABLE 43

FHMO Coefficients for the n & % Orbitals of CBD with Mono t=butyl
Substitution (0° rotation)

Models XXIX, XXX, & XXXI

XXIX XXX XXXT
TEE = -1070.346 eV TEE = -1070.610 eV TEE = ~1070.665 eV
%* £ %
MO (sym) ﬂS(A) nS(A) ﬂS(A) nS(A) nS(A) nS(A)
Energy (eV) -10.646 -12.484 ~10.719 -12.530 -10.769 -12.558
C..'s
N
H(1) 0.150 -0.035 -0.153 -0.061 -0.155 -0.088
H(2) -0.142 ~0.079 0.136 -0.081 0.130 -0.084
H(3) ~0.092 ~0.128 0.103 -0.126 0.115 -0.122
H{(4) 0.043 0.085  -0.028 0.071 -0.015 0.059
H(5) -0.022 -0.037 0.013 ~0.036 0.005 . -0.035
H(6) 0.004 ~0.001 -0.006 0.002 -0.009 0.005
H(7) 0.014 ~0.033 -0.015 -0.038 -0.015 -0.041
H(8) -0.019 0.041 0.018 0.039 0.018 0.035
H(9) 0.022 ~0.086 -0.019 -0.077 -0.017 -0.066
1H(10) 0.015 ~0.013 ~0.016 -0.016 -0.017 -0.018
H(11) 0.046 ~0.090 ~0.046 -0.092 -0.047 -0.094
H(12) -0.052 0.061 0.057 0.080 0.060 0.100
0(1,s) -0.003 0.028 0.002 0.026 0.001 0.023
0(2,s) -0.008 0.002 0.005 0.008 0.003 0.012
c(1,s) 0.006 -0.123 -0.002 -0.111 0.001 -0.097
Cc(2,s) -0.012 -0.019 0.004 ~-0.036 ~-0.002 -0.053
C(3,s) 0.002 0.019 ~0.004 0.023 -0.006 0.026
C(4,s) 0.009 0.046 ~0.009 0.047 ~-0.007 0.046
c(5,s) 0.038 -0.019 ~0.036 -0.016 -0.034 -0.012
C(6,s) 0.034 -0.015 -0.026 -0.013 -0.018 -0.010
C(7,s) -0.006 0.049 0.004 0.048 0.002 0.047
c(3,s) -0.026 0.036 0.026 ~0.036 0.026 0.037
0(1,x) 0.010 ~0.224 -0.009 ~0.234 -0.009 -0.240
0(2,x) -0.013 0.225 0.012 0.235 0.009 0.241
C(1,x) -0.012 0.311 0.014 0.325 0.015 0.337
C(2,x) 0.026 ~0.327 -0.021 -0.338 -0.016 -0.345
C(3,%) 0.001 0.131 0.000 0.123 0.001 0.111
C(4,x) 0.015 -0.105 -0.019 ~0.110 -0.023 -0.111
C(5,%) 0.037 -0.100 -0.037 ~0.101 -0.037 -0.099
C(6,x%) 0.035 0.005 -0.024 0.004 -0.013 0.005
c(7,x) -0.028 0.143 0.024 0.141 0.019 0.136
C(8,x) -0.057 -0.018 -0.061 -0.014 0.064 0.050
o(l,y) 0.324 0.033 ~0.317 0.034 -0.312 0.037
0(2,y) 0.274 0.028 -0.293 0.031 -0.303 0.031
c(1,y) ~0.666 -0.056 0.648 -0.057 0.635 -0.060

c(2,¥) -0.600 -0.088 0.615  -0.074  0.624 -0.063
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TABLE 43 (continued)

"EHMO Coefficients for the n & w% Orbitals of CBD with Mono t-butyl
Substitutiin (9°, rotation)

Models XXIX, XXX, & XXXI

XXIX XXX XXXI

TEE = -1070.346 eV TEE = -1070.610 eV TEE = ~1070.665 eV
% * k¢
MO (sym) To(A)  ng(A) T (A) ng(A) w;(A) ng (A)

Energy (eV) -10.646 -12.484 -10.719 -12.530 -10.769 -12.558

C..'s

.

c(3,y) 0.065 -0.128 -0.064 -0.105 -0.066 -0.082
C(4,y) 0.086 -~0.015 -0.088 -0.032 -0.090 -0.050
c(5,y) -0.114 0.144 0.119 0.117 0.122 0.092
c(6,vy) -0.088 0.022 0.060 0.030 0.034 0.030
c(7,y) -0.002 ~0.033 0.005 -0.022 0.007 -0.011
Cc(8,y) 0.066 -0.095 -0.066 -0.099 -0.065 -0.105
c(1,z) -0.001 0.083 0.005 0.104 0.008 0.125
0(2,2) -0.014 0.194 0.010 0.186 0.005 0.175
c(1,z) 0.007 ~-0.159 -0.013 -0.189 -0.018 -0.219
c(2,z) 0.042 ~-0.320 -0.029 -0.305 -0.015 -0.286
c(3,z) -0.066 0.380 0.045 0.358 0.027 0.331
C(4,2) -0.014 0.140 0.020 0.181 0.025 0.223
c(5,2) 0.091 ~0.231 -0.089 -0.221 ~0.060 -0.204
C(6,2) 0.085 0.140 -0.090 0.106 -0.088 0.076
c(7,2) -0.009 0.120 0.006 0.119 0.003 0.115

C(8,2) -0.009 0.087 0.015 0.084 0.022 0.085
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TABLE 44 (continued)

EHMO Coefficients for the n & 7% Orbitals of CBD with Mono-t-butyl
Substitution

Models XXXII, XXXIV, XXXV

XXXIT - XXXIV XXXV

TEE = ~1070.665 eV | TEE = -1071.271 eV TEE = -1070.243 eV
* * *

MO (sym) LGy ng(A) I§(A) ng(A) "S(A) ng(A)

Energy (eV) -10.731 -12.492 -10.808 -12.595 -10.779 -12.463

]

C..'s

Al

0(2,y) 0.280 ~0.027 -0.304 0.022 -0.288 -0.021
c(1l,y) -0.662 0.049 0.640 -0.036 0.655 0.048
c(2,y) -0.606 0.094 0.623 -0.050 0.609 0.104
Cc(3,y) 0.076 0.110 -0.077 ~0.059 -0.095 0.107
Cl4,y) 0.069 -0.003 -0.073 -0.019 -0.060 -0.011
C(5,y) -0.115 -0.121 0.120 0.068 0.116 -0.107
C(6,y) -0.062 -0.045 0.022 0.062 0.032 -0.039
C(7,y) -0.012 0.016 0.017 0.001 0.024 -0.002
C(8,y) 0.047 0.103 -0.045 -0.087 -0.040 0.119
c(1l,2) 0.001 -0.071 0.004 0.106 -0.000 -0.062
0(2,2z) -0.015 -0.211 0.004 0.202 0.015 -0.217
c(1,2) 0.001 0.135 -0.008 -0.186 0.001 0.119
c(2,z) 0.043 0.343 -0.013 -0.323 -0.041 0.349
c(3,z) -0.066 -0.410 0.026 0.375 0.063 -0.420
C(4,z) -0.006 -0.113 0.015 0.180 0.005 -0.097
c(5,z) 0.090 0.259 -0.088 ~0.242 -0.090 0.276
C(6,z) 0.054 -~0.160 -0.066 0.095 -0.019 -0.185
C(7,2) -0.012 -0.117 0.001 0.122 0.012 -0.116

Cc(8,2) -0.015 -0.109 0.021 0.100 0.022 -0.122
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TABLE 45

EHMO Coefficients for the n & 7% orbitals for CBD with mono t-butyl
Substitution

Models XXXVI, XXXVII & XXXVIII

XXXVI XXXVIT XXXVIII

TEE = -1070.969 eV TEE = -1071.295 eV TEE = -1072.533 eV
% % *

MO (sym) ﬂS(A) nS(A) WS(A) nS(A) nS(A) nS(A)

Energy (eV) -10.806 -12.537 -10.820 -12.594 -10.801 -12.579

]

C.. s

N

H(1) 0.132 -0.014 0.133 0.035 ~0.133 -0.021
H(2) -0.134 -0.047 -0.131 0.044 0.134 -0.053
H(3) -0.144  -0.112 -0.154 0.115 0.126 -0.125
H(4) 0.008 0.068 0.001 -0.058 0.002 -0.020
H(5) -0.005 -0.005 0.000 0.006 -0.028 0.051
H(6) 0.019 -0.002 0.020 -0.004 -0.002 0.029
H(7) 0.009 -0.020 0.009 0.025 0.012 0.042
H(8) -0.012 0.046 ~0.010 -0.033 -0.028 -0.085
H(9) 0.018 -0.096 0.014 0.092 -0.002 -0.032
H(10) 0.024 -0.011 0.027 0.011 0.028 0.051
H(1l) 0.032 -0.091 0.030 0.088 0.009 -0.033
H(12) -0.037 0.036 -0.039 ~-0.043  -0.051 -0.075
0(1,s) -0.001 0.026 0.000 -0.025 0.001 0.027
0(2,s) -0.001 ~-0.001 -0.000 -~0.004 0.001 0.006
c(1,s) 0.006 -0.128 0.001 0.121 -0.007 ~0.127
c(2,s) -0.009 0.001 -0.002 0.011 0.007 ~0.006
c(3,s) 0.008 0.025 0.009 -0.031 -0.008 0.035
Cc(4,s) 0.009 0.034 0.008 -0.037 -0.004 0.041
Cc(5,s) 0.039 -0.017 0.038 0.015 ~-0.038 ~0.017
Cc(6,s) 0.011 -0.030 0.029 0.029 -0.013 ~0.029
C(7,s) 0.002 0.044 0.005 -0.045 0.002 0.040
Cc(8,s) -0.019 0.040 -0.019 -0.036 0.019 0.031
0(1,x) 0.006 -0.220 0.003 0.231 -0.006 -0.227
0(2,%x) ~0.004 0.231 ~-0.002 -0.238 0.007 0.231
c(1,x) -0.009 0.302 -0.006 -0.317 0.009 0.309
C(2,x%) 0.014 -0.324 0.006 0.338 -0.014 -0.335
C(3,x) -0.001 0.069 -0.001 -0.060 0.009 0.076
C(4,x) -0.019 -0.020 -0.015 0.022 0.002 -0.046
c(5,x) 0.076 -0.079 0.074 0.072 -0.051 -0.074
C(6,x) 0.020 -0.048 0.009 0.053 -0.044 -0.030
c(7,x) ~0.007 0.122 0.000 -0.120 0.012 0.133
Cc(8,x) ~0.028 -0.039 -0.032 0.025 0.000 -0.053

o(1,y) © 0.320 0.021 0.318 -0.016 -0.321 0.021
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TABLE 45 (continued)

EHMO Coefficients for the n & m* Orbitals for CBD with mono t-~butyl
Substitution

Models XXXVII & XXXVIII

XXXV1I XXXVII XXXVIII

TEE = -1070.969 eV TEE = ~1071.295 eV TEE = ~1072.533 eV
* * %*

MO (sym) ﬂS(A) nS(A) ﬂS(A) nS(A) wS(A) nS(A)

Energy (eV) -10.806 -12.537 -10.820 -12.594 -10.801 -12.579

C..'s

_d]

0(2,y) 0.298 0.022 0.304 -0.015 ~0.302 . 0.039
Cc(1l,y) -0.648 -0.035 -0,642 0.026 0.649 -0.035
c(2,y) -0.616 ~0.070 ~0.619 0.043 0.617 =-0.070
C(3,y) 0.093 -0.076 0.096 0.045 ~0.085 -0.074
C(4,y) 0.061 0.002 0.062 0.007 ~0.061 -0.000
c(5,y) -0.117 0.080 -0.119 -0.051 0.124 0.075
C(6,y) ~-0.021 0.060 -0.009 ~-0.069 ~0.006 0.079
C(7,y) -0.025 0.009 -0.026 -0.018 0.000 0.016
c(8,y) 0.037 -0.105 0.036 0.090 ~-0.027 ~-0.081
0(1,z) -0.001 0.078 ~0.003 ~-0.095 -0.001 0.083
0(2,2) - -0.010 0.217 ~0.004 -0.213 0.011 0.210
c(1,z) 0.001 -~0.142 0.003 0.166 -0.003 -0.151
c(2,z) 0.025 -0.345 0.009 0.337 -0.025" -0.338
c(3,2) 0.041 0.411 -0.023 -0.394 0.040 0.400
C(4,2) 0.008 0.127 -0.011 -0.158 0.002 0.135
C(5,z) 0.086 -0.273 0.086 0.264 -0.097 -0.262
C(6,2) 0.035 0.144 0.043 -0.112 -0.012 0.139
c(7,2) 0.004 0.121 0.003 -0.126 0.014 0.121

C(8,2) 0.022 0.116 -0.024 ~-0.109 0.039 0.103
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TABLE 4écontinued)

EHMO Coefficients for the n & 7% Orbitals of CBD with mono tu-butyl
Substitution

Models XLII, XLIII, & XLIV

XLII ' XLIII XLIV

Tee = -1072.334 eV TEE = -1072.974 eV TEE = ~1072.889 eV
* * %,

MO (sym) fﬁffi nS(A) ﬁS(A) nA(A) wS\A) nA(A)

Energy (eV) -10.837 -12,575 -10.820 -12.600 -10.813 -12.600

1

C..'s

%

0(2,y) 0.308 0.038 -0.305 -0.038 =-0.303 -0.039
c(l,y) -0.645 -0.017 0.650 0.027 0.651 0.031
c(2,y) -0.622 -0.061 0.619 0.066 0.619 0.069
Cc(3,y) 0.071 -0.105 -0.084 0.096 -0.083 0.091
C(4,y) 0.050 0.011 -0.053 -0.013 ~0.055 =-0.009
C(5,y) -0.119 0.113 0.116 -0.101 0.115 -0.094
C(6,y) 0.005 -0.011 -0.002 0.016 -0.001 0.009
C(7,y) 0.011 -0.052 -0.010 0.058 -0.012 0.071
C(3,y) -0.017 0.038 0.005 -0.062 0.009 -0.076
0(1,2) 0.001 0.080 -0.001 -0.088 -0.001 ~-0.089
0(2,2) -0.009 0.211 0.009 -0.211 0.010 -0.210
c(1,z) -0.000 -0.146 0.001 0.158 -0.000 0.159
c(2,z) 0.019 -0.336 -0.021 0.335 -0.023 0.335
C(3,2) -0.026 0.399 0.034 -0.394 0.037 ~-0.394
C(4,2) 0.003 0.125 -0.003 -0.141 -0.001 -0.143
c(5,2) 0.075 ~0.259 -0.084 0.252 -0.092 0.250
C(6,2) -0.004 0.031 0.008 -0.026 0.010 -0.034
c(7,2) -0.033 0.245- 0.038 -0.230 0.042 -0.200

C(8,2) 0.062 0.081 ~0.041 -~0.086 -0.027 -0.102
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TABLE 47

EHMO Coefficients for the n & 7* Orbitals of CBD with mono t~butyl
Substitution

Models XLV, XLVI, & XLVIII

XLV XLVI XLVIIT

TEE = ~1072.748 eV TEE = -1071.195 eV TEE = -1072.200 eV
% % *

MO (sym) wS(A) nS(A) ﬂS(A) nS(A) IS(A) nS(A)

Energy (eV) -10.807 -12.594 -10.822 -12.556 =10.789 =~12.556

1

C.. s

i3

H(1) -0.132  -0.020 -0.137 0.023 -0.132 0.019
H(2) 0.132 -0.061 0.134 0.050 0.135 0.066
H(3) 0.122 -0.119 0.130 0.125 0.117 0.106
H(4) - -0.028 -0.072 0.008 -0.062 0.018 -~0.047
H(5) 0.014 0.047 -0.022 -0.011 -0.019 0.080
H(6) -0.002 -0.025 ~0.004 0.032 -0.011 0.006
H(7) 0.024 0.036 ~0.020 0.089 -0.018 0.039
H(8) -0.046 -0.086 0.018 ~0.034 0.030 -0.036
H(9) 0.003 -0.030 ~0.018 0.043 -~0.028 0.090
H(10) -0.023 0.040 ~0.032 -0.008 -~0.003 0.005
H(11) -0.019 0.046 ~0.021 0.077 0.007 0.029
H(12) 0.008 -0.029 0.038 -0.050 -0.023 -0.081
0(1,s) 0.001 0.027 0.001 -0.027 0.001 -0.027
0(2,s) 0.001 0.006 ~0.001 -0.001 0.001 ~0.006
c(1,s) -0.007 -0.125 ~0.008 0.128 -0.004 0.126
C(2,s) 0.007 -0.011 0.004 0.004 0.008 0.011
C(3,s) -0.007 0.034 ~0.012 -0.030 ~0.001 -0.026
C(4,s) -0.002 0.043 ~0.006 -0.036 ~0.001 -0.045
Cc(5,s) -0.038 -0.017 ~0.038 0.017 -0.036 0.019
C(6,s) 0.002 0.026 -0.001 0.020 =0.004 -0.023
c(7,s) 0.018 0.043 0.009 -0.059 0.010 -0.054
c(8,s) -0.013 -0.026 0.018 -0.015 ~0.027 0.018
0(1,x) -0.006 -0.230 -0.006 0.223 -0.003 0.227
0(2,x) 0.007 0.234 0.009 -0.241 0.006 -0.227
c(1,x) 0.009 0.314 0.011 -0.305 0.003 -0.312
Cc(2,x) -0.014 -0.338 -0.014 0.329 -0.009 0.335
C(3,x%) 0.011 0.078 0.016 -0.081 -0.000 -0.093
C(4,x%) -0.000 -0.047 -0.006 0.045 0.003 0.053
C(5,%) -0.065 -0.082 -0.064 . 0.061 -0.059 0.096
c(6,x) 0.010 0.106 -0.009 0.064 -0.011 -0.083
C(7,x) 0.011 -0.057 0.019 ~0.103 0.001 0.038
C(8,x) -0.019 0.014 0.035 0.002 -0.067 ~-0.038
o(1,y) -0.321 0.020 -0.316 -0.025 -0.322 -0.010

0(2,y) -0.303 0.040 -0.308 -0.036 -0.301 -0.029
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TABLE 47 (continued)

EHMO Coefficients for the n & w* Orbitals of CBD with mono t-butyl
Substitution

Models XLV, XLVI, & XLVII

XLV XLVI XLVII|

TEE = —1072.748 eV TEE = ~1071.195 eV TEE = -1072.200 eV
* E3 *

Mo(sym) . mg(A)  ng(d)  mg(A)  ng() (A  ng(A)

Energy (eV) -10.807 -12.594 -10.822 -12.556 -10.789 -=12.556

C..'s

A3

c(1,y) 0.650 -0.033 -.639 0.042 0.653 0.017
c(2,y) 0.619 -0.071 0.620 0.078 0.616 0.052
C(3,y) -0.083 -0.084 -0.094 0.079 -~0.059 0.108
c(4,y) -0.057 0.005 -0.070 0.007 ~0.053 -0.010
c(5,y) 0.116 0.084 0.134 -0.095 0.108 -0.113
C(6,y) -0.001 0.000 0.001 -0.012 -~0.001 0.012
c(7,vy) -0.016 -0.079 0.016 0.006 ~0.022 0.081
c(8,y) 0.006 0.086 -0.037 0.048 0.04] -0.057
0(1,z) ~0.001 0.088 ~0.000 -0.079 ~0.001 -0.085
0(2,2) 0.011 0.209 0.010 -0.217 0.009 -0.205
c(1,z) -0.001 -0.159 -0.001 0.145 0.000 0.155
c(2,z) -0.025 -0.335 ~0.021 0.340 ~0.024 0.330
c(3,z) 0.039 0.395 0.037 -0.402 0.032 -0.391
c(4,2) 0.000 0.143 0.006 -0.132 -0.001 -0.134
c(5,z) ~0.098 -0.251 -0.086 0.263 ~0.077 0.259
C(6,2) 0.012 0.054 0.011 -0.109 ~0.004 -0.049
c(7,2) 0.046 0.167 0.043 -0.213 0.021 -0.201

c(8,2) ~0.015 0.118 0.020 -0.047 -0.098 -0.120
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TABLE 48

Selected EHMO's for CBD with Mono t-Butyl Substitution, eclipsed hydrogens
(60° rotation)

Model XLVII (Cl Symmetry)
TEE = -1072.252 eV

MO(sym)  mg(A)  ng(A)  og(A) om0, (&)

Energy (eV) -10.853 =-12.581 -13.353 -13.353 -14.038

c..'s

S

H(1) -0.128 -0.056 0.086 0.138 0.059
H(2) 0.128 -0.014 -0.010 0.146 -0.098
H(3) -0.126 -0.114 0.036 -0.056 ~0.194
H(4) -0.024 0.031 -0.103 -0.071  -0.122
H(5) 0.021 -0.068 -0.034 -0.066 0.139
H(6) 0.022 -0.073 0.104 -0.038 -0.064
H(7) 0.025 0.010 0.102 0.073 0.091
H(8) -0.005 0.068 -0.112 0.048 0.066
H(9) -0.003 -0.058 -0.027 ~-0.076 0.121
H(10) 0.017 0.009 0.103 0.069 0.127
H(11l) 0.016 -0.056 0.106 -0.054 -0.061
H(12) -0.021 0.051 0.005 0.067 -0.141
0(1,s) -0.001 ° 0.027 -0.018 0.010 0.002
0(2,s) 0.000 0.005 -0.004 -0.037 0.011
C(1,s) 0.006 -0.130 0.061 -0.073 0.005
c(2,s) -0.005 -0.003 0.005 0.202 =-0.024
c(3,s) 0.006 0.030 0.020 -0.029 0.059
C(4,s) -0.001 0.040 -0.046 -0.076 0.018
c(5,s) 0.037 -0.018 0.007 -0.002 0.001
C(6,s) -0.009 0.062 0.012 0.060 0.015
C(7,s) 0.008 -0.007 0.011 -0.018 -0.091
c(8,s) 0.003 -0.004 -0.084 -0.030 0.024
0(1,x) 0.004 -0.225 -0.024 0.155 -0.025
0(2,x) -0.006 0.231 0.025 -0.150 0.020
Cc(1,x) -0.006 0.306 0.044 -0.225 0.030
Cc(2,x) 0.009 -0.334 -0.037 0.174 -0.033
C(3,x) -0.014 0.083 -0.345 -0.046 -0.019
C(4,x) 0.002 -0.042 0.336 0.082 -0.051
C(5,%) 0.068 -0.080 0.421 0.047 -0.165
C(6,x) 0.001 0.026 -0.077 -0.023 0.030
c(7,x%) 0.045 0.043 -0.113 0.024 0.229
C(8,x) 0.017 -0.011 -0.389 -0.119 0.130
o(1,y) 0.320 0.012 0.000 0.004 -0.012
0(2,y) 0.309 0.041 -0.032 0.020 -0.066
c(1,y) -0.644 -0.021 0.001 -0.007 0.019

C(2,y) -0.622 -0.065 0.050 -0.029 0.092
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TABLE 48 (continued)

Selected EHMO's for CBD with Mono t-Butyl Substitution, eclipsed hydrogens
(60° rotation)

Model XLVII (c; Symmetry)
TEE = ~1072.252 eV

MO (sym) w:(A) nS(A) cS(A) nA(A) ﬁA(A)

Energy (eV) -10.853 -12.581 ~-13.269 -13.353 -14.038

C..'s

N

C(3,y) 0.078 -0.098 0.189 -0.033 0.285
C(4,y) 0.050 0.008 -0.031 0.000 ~0.067
C(5,y) -0.126 0.114 -0.147 -0.014 ~0.483
C(6,y) 0.005 -0.037 0.027 0.022 0.112
c(7,y) -0.004 0.021 -0.016 0.059 0.397
c(8,y) 0.004 -0.009 0.042 0.002 0.114
0(1,2) 0.001 0.078 0.117 -0.241 0.024
0(2,2) -0.009 0.214 0.045 0.089 -0.011
c(l,z) -0.001 -0.143 -0.126 0.329 -0.040
c(2,2) 0.018 -0.340 -0.045 -0.097 -0.002
C(3,z) -0.026 0.403 0.007 0.167 -0.060
C(4,2) 0.004 0.124 0.205 -0.409 0.039
c(5,2) 0.075 -0.259 -0.041 -0.314 -0.065
C(6,2) -0.039 0.253 0.061 0.308 0.079
c(7,2) 0.038 0.059 -0.020 0.091 0.136

c(8,z) -0.008 0.039 0.104 0.101 -0.024
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TABLE 49
EHMO Coefficients for the n & 7% Orbitals of CBD with di t-butyl
Substitution (C2 Symmetry)

Models XLIX, L, LIIL

XLIX L LII

* % *
MO (sym) ﬂS(B) nS(A) WS(B) nS(A) nS(B) ns(A)
Energy (eV) -10.698 -12.462 -10.760 -12.487 -10.723 -12.477
C..'s
_ij
H(1) -0.126  -0.080 -0.131 0.067 -0.119 -0.064
H(3) 0.003 -0.027 -0.016 0.033 -0.027 -0.060
H(4) -0.028 0.039 -0.010 -0.042 0.014 0.032
H(5) -0.003 0.016 0.011 -0.003 -0.002 -0.009
H(6) 0.012 0.026 0.002 0.007 0.019 0.033
H(7) -0.027 -0.068 -0.030 0.077 -0.042 -0.077
H(8) -0.002 -0.016 0.009 ~0.014 0.003 -~0.012
H(9) 0.027 0.049 0.013 -0.042 -0.015 0.025
H(10) 0.008 -0.008 0.022 -0.000 -0.024 0.039
H(11) -0.049 -0.066 ~0.044 0.052 0.007 -0.039
0(1,s) 0.001 0.018 0.001 -0.018 0.901 0.018
C(1,s) -0.014 -0.070 -0.011 0.071 -0.013 -0.070
C(4,s) 0.003 0.031 0.006 -0.032 0.005 0.031
C(5,s) -0.039 -0.017 0.037 0.018 -0.037 -0.018
C(6,s) -0.013 -0.015 0.007 0.008 0.001 0.018
C(7,s8) 0.002 0.032 -0.004 -0.038 0.015 0.034
C(8,s) 0.019 0.022 -0.010 -0.008 -0.013 ~0.013
0(1,x) 0.001 -0.236 -0.000 0.239 0.001 -0.234
C(1,x) -0.005 0.335 -0.002 -0.337 -0.004 0.333
C(4,x%) 0.011 -0.108 0.013 0.104 0.009 -0.112
C(5,%) -0.050 -0.087 -0.055 -0.080 -0.070 -0.095
C(6,%) -0.044 -0.011 -0.020 -0.020 0.007 0.080
C(7,%) 0.011 0.110 0.014 0.074 0.010 -0.015
C(8,x) -0.000 -0.012 -0.001 0.013 -0.001 0.017
0(1,y) -0.305 -0.013 -0.307 0.014 -0.308 -0.017
Cc(1,y) 0.630 0.027 0.628 ~-0.030 0.633 0.326
C{4,y) -0.090 0.065 -0.094 -0.079 -0.082 0.091
C(5,y) 0.123 0.077 0.133 0.093 0.110 0.103
C(6,y) -0.007 0.041 -0.010 0.006 -0.001 -0.006
C(7,y) -0.000 0.014 0.001 0.006 -0.013 -0.049
C(8,y) -0.026 -0.054 -0.038 -0.032 0.010 0.038
0(1,2) -0.010 0.147 -0.007 -0.149 -0.010 0.147
Cc(1,2) 0.024 -0.255 0.016 0.255 0.022 -0.252
C(4,2) -0.035 0.283 0.030 -0.282 -0.037 0.278
C(5,2) -0.095 -0.182 0.072 0.181 -0.090 -0.178
C(6,2) -0.013 0.085 0.017 -0.052 0.009 0.026
C(7,2) 0.013 0.092 -0.021 -0.152 0.041 0.132

C(8,z) 0.038 0.063 0.022 -0.015 -0.028 0.066
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TABLE 50
EHMO Coefficients for the n & w¥% Orbitals of CBD with di t-butyl Substitution
Model LITI (Cl Symmetry)

TEE = -1495.617 eV

b3 *
MO (sym) f_s_(f‘l ng (A) ﬂ_Sff\_)_ nS(A)
Energy (eV) -10.742 -12.482 ~10.742 -12.482
C..'s C..'s
_ij - ij
H(1) -0.129 -0.071 C(3,x) 0.011 0.104
H(2) 0.120 -0.060 C(4,x) 0.011 ~0.109
H(3) -0.027 -0.055 C(5,x) -0.070 -0.086
H(4) 0.014 0.031 C(6,%) 0.007 0.074
H(5) -0.001 -0.009 c(7,x) 0.012 ~0.013
H(6) 0.019 0.032 C(8,x) -0.001 0.016
H(7) -0.042 -0.074 C(9,x) ~0.055 0.086
H(8) 0.003 -0.011 C(10,x%) ~0.021 0.022
H(9) -0.014 0.023 C(11,x%) 0.015 -0.077
H(10) ~0.024 0.038 C(13,x%) ~0.001 -0.011
H(11) 0.006 -0.037 0(1,y) -0.309 ~0.014
H(12) 0.015 -0.035 0(2,y) -0.305 0.016
H(13) 0.010 0.044 C(L,y) - 0.634 0.031
H(14) -0.011 0.003 c(2,y) 0.627 ~0.031
H(15) 0.031 -0.081 C(3.y) -0.086 -0.085
H(16) -0.009 0.015 C(4,y) -0.089 0.084
H(17) -0.003 -0.008 c(5,y) 0.111 0.095
H(18) 0.042 -0.054 C(6,y) -0.001 -0.005
H(19) -0.012 0.044 c(7,y) -0.012 -0.047
H(20) -0.021 -0.001 c(8,y) 0.008 0.037
0(1,s) 0.001 0.016 c(9,y) 0.131 -0.101
0(2,s) -0.000 0.019 c(10,y) -0.009 -0.006
C(1,s) ~0.011 -0.063 c(11,y) 0.001 ~-0.006
c(2,s) 0.013 -0.078 c@i2,y) -0.037 0.033
c(3,s) ~-0.004 0.031 0(1,z) -0.008 0.156
C(4,s) 0.008 0.032 0(2,2) 0.010 0.140
C(5,s) ~-0.037 -0.017 c(1,z) 0.017 -0.266
Cc(6,s) 0.001 0.017 c(2,2) -0.022 ~0.241
c(7,s) 0.015 0.033 C(3,2) 0.034 0.264
C(8,s) ~0.012 ~-0.012 C(4,z) -0.034 0.296
C(9,s) 0.037 -0.020 C(5,2) -0.089 -0.169
c(10,s) 0.007 -0.008 C(6,2) 0.009 0.024
C(11,s) -0.005 0.040 C(7,2) 0.041 0.126
C(12,s) -0.009 0.008 €(8,2) -0.029 0.064
0(1,x) -0.000 -0.237 €(9,2) 0.073 -0.191
0(2,x) 0.001 0.235 €(10,2) 0.017 0.054
C(1,x) -0.003 0.336 c(11,z) -0.021 0.169

C(2.x) -0.004 -0.333 c(12,z) 0.022 0.017
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TABLE 51
EHMO Coefficients for the m & w% Orbitals of CBD with di t-butyl Substitution

Models LIV & LV (C2 Symmetry)

L1V LV

W %
MO (sym) ﬂS(B) ns(A) wS(B) E§£ﬁz
Energy (eV) -10.660 -12.392 ~7.279 -10.801
C..'s
3
H(1) 0.130 0.093 -0.120 -0.064
H(3) 0.013 -0.001 0.024 0.029
H(4) 0.018 -0.046 -0.020  -~0.048
H(5) -0.009 0.026 -0.022 -0.053
H(6) 0.012 0.032 -0.024 0.001
H(7) -0.016 -0.032 0.005 0.048
H(8) 0.018 0.060 0.004 -0.040
H(9) 0.020 0.015 -0.016 -0.002
H(10) 0.034 0.068 -0.014 ~0.044
H(11) -0.040 ~0.062 0.019 0.040
0(1,s) -0.002 ~0.016 0.002 0.018
Cc(1,s) -0.012 0.069 -0.011 ~0.070
C(4,s) -0.001 ~-0.021 0.006 0.030
C(5,s) 0.039 0.017 -0.036 -0.017
c(6,s) -0.001 ~0.039 0.010 0.041
c(7,s) -0.019 -0.027 -0.008 -0.005
Cc(8,s) 0.018 0.011 -0.003 0.001
0(1,x) -0.001 0.232 0.001 -0.238
c(1,x) ~0.006 ~0.330 -0.003 : 0.337
C(4,x) 0.003 0.125 0.011 -0.097
c(5,x%) -0.057 -0.104 -0.065 ~0.077
c(6,x) 0.015 0.115 0.001 0.019
C(7,%) 0.037 0.031 -0.042 0.022
c(8,x%) -0.025 ~0.004 ~-0.018 0.007
0(1,y) -~0.229 0.000 -0.311 -0.021
c(1,y) 0.631 -0.019 0.630 0.034
C(4,y) -0.089 -0.056 -0.074 0.085
c(5,y) 0.120 0.084 0.120 0.106
C(6,y) 0.014 0.001 ~0.008 -0.026
c(7,y) ~0.042 -0.071 0.005 0.012
C(8,y) 0.039 0.028 -0.003 -0.012
0(1,2) -0.006 -0.146 -0.010 0.151
c(1,z) 0.020 0.254 0.018 -0.255
C(4,2) ~0.031 -0.284 -0.030 0.280
c(5,z) 0.085 0.172 ~0.073 -0.180
C(6,z) . ~0.004 -0.094 0.039 0.169
C(7,2) ~0.016 -0.058 -0.036 0.032

C(8,z) 0.066 -0.074 0.008 0.023
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TABLE 52
Selected EHMO's for CBD with Di-t-butyl substitution (crystal)
C2 Symmetry
Model LVI

TEE = -1498.626 eV

MO (sym) w:(B) ng (A) o (8) n, (B) 5, (®)
Energy (eV) -10.721 -12.421 -12.700 -12.869 -13.118
C..'s

A3

H(1) 0.118 -0.061 0.056 -0.107 -0.201
H(2) -0.117 -0.061 0.055 0.100 -0.202
H(3) -0.012 -0.041 0.036 -0.031 0.098
H(4) -0.014 0.047 0.030 0.078 -0.020
H(5) 0.005 0.005 -0.088 -0.017 0.056
H(6) -0.026 -0.055 0.079 -0.051 0.089
H(7) 0.009 0.039 0.040 0.084 -0.025
H(8) 0.004 -0.000 0.011 -0.005 -0.084
H(9) 0.012 0.013 -0.086 -0.039 0.038
H(10) 0.008 0.008 0.024 0.005 -0.097
H(11) -0.031 -0.072 0.010 -0.083 0.073
H(12) -0.008 0.009 0.023 -0.008 ~0.094
H(13) -0.012 0.013 -0.087 0.040 0.032
H(14) 0.032 -0.073 0.010 0.085 0.070
H(15) -0.004 0.000 0.009 0.002 ~0.080
H(16) 0.026 -0.056 0.080 0.053 0.087
H(17) -0.009 0.039 0.041 -0.084 ~0.021
H(18) -0.005 0.005 -0.089 0.018 0.051
H(19) 0.012 -0.042 0.037 0.035 0.098
H(20) 0.014 0.048 0.031 -0.079 ~-0.018
0(1,s) -0.002 0.020 ~0.015 0.027 0.009
0(2,s) 0.002 0.020 -0.015 -0.027 0.010
c(1,s) 0.002 -0.073 0.047 0.157 ~0.027
c(2,s) -0.010 0.063 -0.025 ~-0.003 0.069
C(3,s) -0.002 -0.071 0.048 -0.158 ~0.022
C(4,s) 0.010 0.032 -0.024 0.005 0.070
C(5,s) -0.034 ~0.018 0.010 -0.009 0.009
c(6,s) -0.002 ~0.006 0.010 -0.015 ~0.053
C(7,s) 0.000 0.007 -0.066 -0.011 0.012
C(8,s) 0.007 0.038 0.032 0.060 0.001
c(9,s) 0.034 -0.018 0.010 0.009 0.008
C(10,s) 0.002 -0.006 0.010 0.013 -0.052
C(11,s) -0.000 0.007 -0.066 0.011 0.010
c(12,s) -0.007 0.038 0.032 -0.059 . 0.003

0(1,x) - 0.009 0.241 0.013 -0.004 0.081
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TABLE 52 (cont.)
Model LVI

TEE = -1498.626 eV

*

MO (sym) nS(B) ns(A) GS(A) nA(B) Eéffl
Energy (eV) -10.721 -12.421 -12.700 -12.869 -13.118
C.,.'s

I

0(2,x%) 0.009 -0.241 -0.013 ~0.009 -0.081
c(1,x) -0.029 0.345 0.028 0.038 0.103
C(2,%) -0.004 -0.121 0.375 -0.036 -0.007
C(3,%) -0.029 -0.344 -0.027 0.031 -0.104
C(4,x) -0.005 0.120 -0.375 -0.035 0.009
C(5,x) 0.062 0.073 -0.298 -0.007 0.041
C(6,x) -0.008 -0.018 0.074 -0.014 -0.125
C(7,%) -0.002 -0.034 0.309 0.050 -0.059
C(8,x) -0.013 0.007 0.076 0.067 -0.040
C(9,x) 0.062 -0.072 0.299 -0.008 -0.031
C(10,x) ~0.009 0.017 -0.073 -0.009 0.119
Cc(11,x%) -0.002 0.034 -0.310  0.051 0.049
c(12,x%) ~0.013 -0.008 -0.077 0.069 0.035
0(1,y) 0.310 0.002 -0.017 -0.011 -0.051
0(2,y) 0.311 -0.011 '0.011 -0.022 0.049
c(1,y) -0.636 0.023 -0.017 0.037 -0.070
C(2,y) 0.093 0.098 -0.085 0.070 -0.300
c(3,y) -0.631 -0.006 0.025 0.022 0.074
C(4,y) 0.092 -0.120 0.080 0.103 0.294
c(5,y) -0.114 -0.111 0.064 -0.074 0.344
C(6,y) 0.013 -0.007 0.025 -0.031 -0.252
C(7,y) 0.005 0.021 -0.032 0.019 ~-0.068
C(8,y) 0.012 0.045 0.012 0.057 -0.078
c(9,y) -0.119 - 0.127 -0.061 ~0.105 -0.340
C(10,y) 0.010 0.002 -0.021 -0.018 0.243
c(11,y) 0.006 -0.023 0.029 0.025 0.067
c(12,y) 0.014 -0.058 -0.020 0.079 0.076
0(1,z) 0.030 0.142 0.078 -0.173 0.042
0(2,2) -0.007 0.139 0.079 0.174 0.039
Cc(1,2) 0.009 ~0.245 -0.085 -0.241 -0.071
c(2,z) -0.000 0.270 0.094 0.333 0.023
C(3,z) -0.055 -0.249 -0.085 0.239 -0.073
C(4,2) 0.006 0.265 0.100 -0.323 0.054
c(5,2) -0.075 -0.182 -0.071 -0.283 0.055
C(6,2) -0.045 0.047 -0.005 0.066 0.049
C(7,2) 0.004 0.020 0.062 0.063 -0.035
C(8,7) 0.026 0.159 0.125 0.280 -0.027
C(9,2) 0.067 -0.175 -0.077 0.276 0.022
(10, %) 0.045 0.047 ~-0.006 -0.066 0.066
G(11,2) ~-0.004 0.019 0.064 -0.061 0.027
C(12,7) -0.025 0.157 0.125 -0.273 -0.012
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TABLE 53
Atomic Coordinates (AG) for Models IV & VI
Model IV Model VI
X Yy z X y Z
0(1) -1.624 0.0 2,368 ~1.624 0.0 2,368
0(2) 1.624 0.0 2.368 1.624 0.0 2.368
C(1) -0.775 0.0 1.533 ~0.775 0.0 1.533
C(2) 0.775 0.0 1.533 0.775 0.0 1.533
C(3) -2.014 2,135 0.600 -2.014 2.135 0.600
H(1) 1.325 0.0 0.580 0.786 0.0 0.433
H(2) -1.325 0.0 0.580 -0.736 0.0 0.433
H(3) -3.108 2.228 0.537 -3.108 2.228 0.537
H(4) —;.548 3.128 0.526 -1.548 3.128 0.526
H(5) -1.737 1.656 1.551 -1.737 1.656 1.551
H(6) ~1.659 1.510 -0.232 -1.659 1.510 -0.232
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TABLE 54

Atomic Coordinates (As) for Mddel VIII

Model VIII: CBD & one methane

X y z

0(1) 1.624 0.0 2.368
0(2) -1.624 0.0 2.368
c(1) 0.775 0.0 1.533
c(2) -0.775 0.0 1.533
c(3) -0.786 0.0 0.0

c(4) 0.786 0.0 0.0

c(5) -2.014 2.135 0.600
H(1) 1.298 0.883 -0.408
H(2) -1.298 -0.883 -0.408
H(3) -1.298 0.883 -0.408
H(4) 1.298 -1.883 -0.408
H(5) -2.369 2,760 1.543
H(6) -2.288 2.606 -0.355
H(7) -2.475 1.138 - 0.666

H(8) -0.920 2.036 0.656
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TABLE 55
Atomic_Coordinates for Models XIL, XIIT, XX & XXI
XI1 XI1I
X v z X y Z

o(L) 1.624 0.0 2,367 1.624 0.0 2,367
0(2) -1.624 0.0 2.367 -1.624 0.0 2.367
c(1) 0.775 0.0 1.532 0.775 0.0 1.532
C(2) -0.775 0.0 1.532 -0.775 0.0 1.532
Cc(3) -0.785 0.0 0.0 -0.785 0.0 0.0
C(4) 0.785 0.0 0.0 0.785 0.0 0.0
Cc(5) ~-1.497 -1.258 -0.578 1.497 1.258 -0.578
Cc(6) 1.497  -1.258 ~0.578 -1.497 ~1.258 -0.578

Hydrogens Hydrogens
H(1) -1.285 0.890 ~0.408 -1.285 0.890 -0.408
H(2) 1.285 0.890 ~0.408 1.285 ~0.890 -0.408
H(3) -0.783 -1.819 -1.199 1.845 = 1.887 0.254
H(4) -1.845 -1.887 0.254 2.353 0.936 -1.188
H(5) -2.353 -0.936 -1.188 0.783 1.819 -1.199
H(6) 1.845 -1.887 0.254 -1.845 -1.887 0.254
H(7) 2.353 -0.936 ~-1.188 -0.783 -1.819 -1.199
H(8) 0.783 -1.819 -1.199 -2.353 -0.936 -1.188

XX XXI

o(1) 1.298 -0.883 -0.408 1.624 0.0 2.367
0(2) -1.298 -0.883 -0.408 -1.624 0.0 2.367
c(1) 0.777 2.057 -=0.717 0.775 0.0 1.532
c(2) 1.965 0.985 ~1.544 -0.775 0.0 1.532
Cc(3) 2.291 1.569 0.128 -0.785 0.0 0.0
C(4) -2.571 1.017 -0.705 0.785 0.0 0.0
c(5) -1.065 1.505 -1.550 1.511 1.250 -0.578
C(6) -1.391 2.089 0.121 -1.511 -1.250 -0.578

Hydrogens Hydrogens
H(1) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(2) -1.298 -0.883 ~-0.408 -1.298 0.883 -0.408
H(3) 0.777 2.057 -0.717 0.777 2.057 -0.717
H(4) 1.965 0.985 -1.544 1.965 0.985 ~1.544
H(5) 2.291 1.569 0.128 2.291 1.569 0.128
H(6) -2.571 1.017 -0.705 -2.579 -1.017 -0.705
H(7) -1.065 1.505 -=1.550 -1.065 -1.505 -1.550

H(8) -1.391 2.089 0.121 -1.391 -2.089 0.121
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TABLE 56
Atomic Coordinates for Models XVI1I, XIX, XIV & XV
XVIII XIX
X vy z X y z
0(1) 1.624 0.0 2.367 '1.624 0.0 2.367
0(2) -1.624 0.0 2.367 -1.624 0.0 2.367
c() 0.775 0.0 1.532 0.775 0.0 1.532
€(2) -0.775 0.0 1.532 -0.775 0.0 1.532
c(3) -0.785 0.0 0.0 -0.785 0.0 0.0
c(&) 0.785 0.0 0.0 0.785 0.0 0.0
c(5) -1.511 1.250 -0.578 1.511 1.250 -0.578
c(6) 1.511 1.250 -0.578 -1.511 -1.250 -0.578
Hydrogens Hydrogens
H(1) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(2) -1.298 -0.883 -0.408 -1.298 0.883 -0.408
H(3) 2.579 1.017 =0.705 -2.579 -1.017 -0.705
H(4) 1.391 2.089 0.121 -1.065 -1.505 -1.550
H(5) 1.065 1.505 ~1.550 ~1.391 -2.089 0.121
H(6) -2.571 1.017 -0.705 2.579 1.017 -0.705
H(7) -~1.065 1.505 =1.550 1.391 2.089 0.121
H(8) -1.391 2.089 0.121 1.065 1.505 -1.550
Xiv Xv
0(1) 1.624 0.0 2.367 1.624 0.0 2.367
0(2) -1.624 0.0 2.367 -1.624 0.0 2.367
c(1) 0.775 0.0 1.532 0.775 0.0 1.532
c(2) -0.775 0.0 1.532 -0.775 0.0 1.532
c(3) -0.785 0.0 0.0 -0.785 0.0 0.0
c(4) 0.785 0.0 0.0 0.785 0.0 0.0
c(5) ~1.511 1.250 ~0.578 ~1.511 -1.250 -0.578
c(6) 1.511 1.250 -D.578 1.511 1.250 -0.578
Hydrogens Hydrogens

H(1) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(2) ~1.298 -0.883 ~0.408 -1.298 0.883 -0.408
H(3) 0.777 2.057 ~0.717 0.777 2.057 -0.717
H(4) 1.965 0.985 ~1.544 2.291 1.569 0.128
H(5) 2.291 1.569 0.128 1.964 0.985 -0.544
H(6) ~0.777 2.057 -0.717 -0.777 -2.057 -0.717
H(7) ~2.291 1.569 0.128 -2.291 -1.569 9.128

H(8) ~-1.965 0.985 =1.544 -1.965 -0.985 -1.544
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TABLE 57
Atomic Coodinates for XXTIIT
X y z
0(1) 1.624 0.0 2.367
0(2) -1.624 0.0 2.367
c(L) 0.775 0.0 1.532
Cc(2) -0.775 0.0 1.532
C(3) -0.785 0.0 0.0
C(4) 0.785 0.0 0.0
c(5) 1.497 1.258 -0.578
c(6) -1.497 1.258 -0.578
c(? -1.497 -1.258 -0.578
Cc(8) 1.497 -1.258 -0.578
Hydrogens

H(1) 1.845 1.887 6.254
H(2) 2.353 0.936 -1.188
H(3) 0.783 1.819 -1.199
H(4) -0.783 -1.819 -1.199
H(5) -1.845 -1.887 0.254
H(6) -2.353 -0.936 -1.188
H(7) 1.845 -1.887 0.254
H(8) 2.353 -0.936 -1.188
H(9) 0.783 -1.819 -1.199
H(10) -1.845 1.887 0.254
H(11) -2.353 0.936 -1.188
H(12) -0.783 1.819 -1.199
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TABLE 58

Atomic Coordinates for Models XXIV & XXV

XXIV XXV
X y z x y
0(1) . 1.624 0.0 2.367 1,624 0.0
0(2) -1.624 0.0 2.36 -1.624 0.0
C(L) 0.775 0.0 1.532 0.775 0.0
c(2) -0.775 0.0 1.532  =0.775 0.0
c(3) -0.785 0.0 0.0 -0.785 0.0
c(4) 0.785 0.0 0.0 0.785 0.0
c(5) -1.511 1.250 -0.578  -1.511 1.250
c(6) -2.014 2.134  0.600  -0.510 2.055
Hydrogens Hydrogens
H(1) 1.298 0.883  -0.408 1.298 0.883
H(2) -1.298  -0.883 -0.408  -1.298  -0.883
H(3) 1.298 . -0.883 -0.408 1.298  -0.883
H(4) -3.108 2.227 0.536 0.340 2.370
H(5) -1.548 3.128 0.526  -1.023 2.939
H(6) 1.736  1.656  1.550  -0.157 1.413
H(7) -0.604 1.819 -1.199  -1.866 1.875

H(8) -2.364 0.918 -1.188 -2.364 0.918

2.367
2.367
1.532
1.532
0.0
0.0
-0.578

-1.457

-0.408
-0.408
-0.408
-0.834
-1.866
-2.278

0.254

-1.188
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TABLE 59

‘Atomic Coordinates for Model XXVI

= A £
0(1) 1.624 0.0 2.367
0(2) ~1.624 0.0 2.367
C(1) 0.775 0.0 1.532
c(3) ~0.785 0.0 0.0
C(4) 0.785 0.0 0.0
C(2) -0.775 0.0 1.532
C(5) -1.511 1.250 -0.578
C(6) ~-1.481 1.179 -2.133

Hydrogens

H(1) 1.298 0.883 -0.408
H(2) 1.298 -0.883 -0.408
H(3) -1.298 -0.883 -0.408
H(4) -0.954 0.263 -2.440
H(5) -0.954 2.063 -2.521
H(6) -2.514 1.162 -2.511
H(7) -0.992 2.156 .~0.233
H(8) -2.552 1.256 -0.223
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TABLE 60

Atomic Coordinates for Models XXIX & XXX
XXIX XXX

X y z X Y —Z_
o(1) 1.624 0.0 2.367 1.624 0.0 2.367
0(2) ~1.624 0.0 2.357 ~1.624 0.0 2.367
c(l) 0.775 0.0 1.532 0.775 0.0 1.532
c(2) -0.775 0.0 1.532 -0.775 0.0 1.532
C(3) -0.785 0.0 0.0 ~-0.785 6.0 0.0
C(4) 0.785 0.0 0.0 0.785 0.0 0.0
c(5) -1.298 1.399 ~0.451 ~1.283 1.356 ~-0.579
c(6) -1.601 2.255 0.804 -1.623 2.312 0.592
c(7) -2.588 1.217 ~1.291 -2.548 1.104 -1.439
c(8) -0.203 2.085 | ~-1.307 -0.162 1.972 -1.455

Hydrogens Hydrogens

H(1) 1.298 0.883 -0.408 1.298 0.883 -0.408
H(2) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(3) -1.298 -0.883 -0.408 -1.298 -0.883 -0.408
H(4) - -1.379 1.662 1.703 -1.428 1.795 1.543
H(5) -2.663 2.540 0.795 -2.684 2.593 0.528
H(6) -0.970 3.156 0.784 -0.991 3.209 0.517
H(7) -3.414 1.750 -0.798 -3.388 1.674 ~1.017
H(8) -2.822 0.144 -1.360 -2.780 0.029 -1.427
H(9) -2.422 1.630 -2.297 -2.351 1.433 -2.470
H(10) 0.092 3.027 -0.822 0.118 2.951 ~1.040
H(11) -0.607 2.290 -2.309 -0.537 2.094 ~2.483
H(12) 0.664 1.413 -1.383 0.706 1.245 ~1.451
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TABLE 61

Atomic Coordintes for Models

XXXTI, XXXIT, XXXIV, XXXV

XXX1

C(5)
C(6)
c(7)
c(8)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)

XXXIV

c(5)
C(6)
c(7)
c(8)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)

X y z
~1.265 1.303 -0.703
~-1.639 2.351 0.375
-2.503 0.979 -1.577
-0.118 1.847 -1.593
Hydrogens
1.298 0.883 ~-0.408
1.298 -0.883 ~0.408
-1.298 -0.883 -0.408
-1.473 1.914 1.371
-2.697 2.624 0.257
-1.005 3.240 0.246
-3.355 1.581 -1.227
-2.737 -0.091 -1.483
-2.276 1.223 -2,625
0.151 2.857 ~1.251
-0.462 1.884 -2.637
0.750 1.177 -1.507
-1.484 1.201 -0.702
~2.034 2.166 0.378
-2.047 0.668 ~1.576
-0.449 1.937 ~1.591
Hydrogens
1.298 0.883 -0.408
1.298 -0.883 ~0.408
-1.298 -0.883 -0.408
-1.795 1.764 1.373
-3.124 2.252 0.260
-1.564 3.153 0.249
-3.591 1.112  -1.226
-2.692 -0.427 ~1.484
-2.466 0.949 -2.624
-0.359 2.978 -1.248
-0.794 1.914 -2,635
0.522 1.428 -1.505

XXXII

X

s,

-1.533
-1.980
-2.772
-0.574

1.298

1.298
-1.298
~-1.656
~-3.076
~1.515
~3.678
-2.816
-2.680
~0.446
-~1.008

0.397

XXXV

~-1.745
~2.322
~2.896
-0.951

1.298

1.298
-1.298
-1.911
-3.418
-2.038
-3.854
-2.749
-2.881
-0.995
-1.402

0.093

y

——

1.289
2,078
0.887
2.156

0.8833
-0.883
~0.883

1.532

2.174

30.75

1.268
-0.209

1.323

3.134

2.289

1.646

1.140
1.838
0.530
2.161

0.883
-0.883
-0.883

1.355

1.743

2,901

0.747
-0.557

9.977

3.147

2.218

1.838

-0.450

0.806
~1.289
-1.304

-0.408
-0.408
-0.409

1.705

0.798

0.787
-0.796
-1.360
-2.295
-0.818
-2.,306
-1.381

-0.448

0.809
-1.289
-1.302

-0.408
-0.408
-0.408

1.707

0.800

0.791
-0.795
-1.360
-2.294
-0.814
~-2.304
-1.379
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TABLE 62

Atomic Coordinates for Models XXXTIT & XLVIT

XXXIII - XLVII

X -y z b4 A
0(1) 1.624 0.0 22367 1.624 0.0
0(2) ~1.624 0.0 2.367  -1.624 0.0
c(1) 0.775 0.0 1.532 0.775 0.0
c(2) -0.775 0.0 1.532  -0.775 0.0
c(3) -0.785 0.0 0.0 -0.785 0.0
C(4) 0.785 0.0 0.0 0.785 0.0
c(5) -1.511 1.250 -0.578  -1.511 1.250
Cc(6) ~2.014 2.134  0.600  -1.481 1.179
c(7) -2.718 0.780 -l.442  -0.776 2.533
c(8) ~0.510 2.055 -1.457  -2.985 1.258

Hydrogens Hydrogens

H(1) 1.298 0.883 -0.408 1.298  -0.883
H(2) 1.298  -0.883 -0.408 1.298 0.883
H(3) -1.298  -0.883 -0.408  -1.298°  -0.883
H(4) -1.736 1.656  1.550  -0.954 0.263
H(5) -1.548 3.128  0.526  ~-0.954 2.063
1(6) .—3.108 2.227 0.536 -2.514 1.162
H(7) -3.645 1.196 -1.019 -1.480 3.150
H(8) -2.761  -0.318 -1.431 0.073 2.240
H(9) -2.582 1.140 -2.473  -0.417 3.09%
H(10) -0.402 3.068 -1.041  -3.162 2.179
H(11) -0.900 2.111 -2.484  -3.659 1.222
H(12)  0.462 1.542. -1.454  ~3.150 0.379

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
-2.133
-0.090

~-0.075

~0.408
-0.408
~0.408
~2.440
-2.521
-2.511

0.487

0.542
-0.965

0.499
-0.943

0.564
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TABLE 63

Atomic Coordinates for Models XXXVI, XXXVIT, XXXVITI, XXXIX

XXXVI

X y z X y 2z
Cc(5) ~-1.717 1.105 -0.576 -1.682 1.062 ~0.700
c(6) ~-2.363 1.884 0.597 -2.391 1.916 0.380
c(7) -2.820 0.438 -1.437 -2.735 0.336 ~1.575
c(8) -0.875 2.069 ~1.451 -0.791 1.968 ~1.588
Hydrogens Hydrogens

H(1) 1.298 0.883 -0.408 1.298 0.883 -0.408
H(2) 1.298 -0.883 -~0.408 1.298 ~0.883 ~0.408
H(3) -1.298 -0.883 ~0.408 -1.298 -0.883 -0.408
H(4) -2.003 1.463 1.547 -2.086 1.560 1.375
H(5) -3.457 1.786 0.533 -3.480 1.811 0.262
H(6) -2.077 2.944 0.524 -2.100 2,969 0.253
H(7) -3.804 0.686 ~1.014 -3.741 0.609 -1.225
H(8) -2.671 -0.651 -1.428 -2,.589 -0.749 -1.484
H(9) -2.748 0.817 ~2.468 -2.606 0.646 -2.623
H(10) -0.945 3.085 ~1.033 -0.882 3.008 -1.244
H(11) -1.269 2.058 ~2.478 -1.127 1.887 -2.633
H(12) 0.171 1.733 ~1.447 0.253 1.635 -1.504
XXXVIIIL XXXIX

c(5) -1.511 1.250 ~-0.578 -1.511 1.250 -0.578
Cc(6) -2.014 2.134 0.699 ~2.615 1.702 0.421
c(7) -2.718 0.780 -1.442 -2.154 0.875 -1.945
C(8) -0.510 2.055 -1.457 -0.472 2.393 -0.775

Hydrogens Hydrogens

H(1) 1.298 0.883 -0.408 1.298 0.883 -0.408
H(2) 1.298 -0.883 -0.408 1.298 -0.883 -0.408
H(3) -1.298 ~-0.883 -0.408 -1.298 -0.883 -0.408
H(4) -2.522 3.020 0.191 -3.128 2.586 0.012
H(5) -1.151 2.448 1.205  -2.146 1.953 1.384
H(6) -2.711 1.547 1.216 ~3.334 0.881 0.557
H(7) -3.409 0.205 -0.809 ~1.362 0.548 -2.636
H(8) -3.253 1.665 ~1.820 ~2.667 1.758 -2.354
H(9) -2.347 0.149 -2.263 -2.876 0.060 -1.790
H(10) 0.340 2.370 -0.834 ~0.021 2.638 0.197
H(11) -0.157 1.413 -2,278 0.304 2.053 -1.475

H(12) -1.023 2.939 -1.866 -0.985 3.276 -1.183
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TABLE 64
Atomic Coordinates for Models XL, XLI, XLII, XLIII
XL XLI
X y z X y

c(5) -1.511 1.250 -0.578 -1.511 1.250
Cc(6) -2.895 1.400 0.118 ~-1.481 1.179
c(7) -1.706 1.059 -2.111 -0.776 2.533
c(8) -0.640 2,512 -0.307 -2,985 1.258

Hydrogens Hydrogens
H(1) 1.298 0.883 -0.408 1.298 0.883
H(2) 1.298 -0.883 -0.408 1.298 ~0.883
H(3) -1.298 -0.883 -0.408 -1.298 =0,883
H(4) -3.019 0.586 0.847 -1.991 2,064
H(5) -3.687 1.345 -0.642 -0.434 1.163
H(6) -2.934 2.372 0.631 -1.994 0.263
H(7) -2,782 1.085 -2.341 0.264 2.506
H(8) -1.283 0.087 -=2.407 -1.289 3.416
H(9) -1.189 1.871  -2.642 -0.798 2.562
H(10) -1.217 3.219 0.307 -2.988 1.298
H(11) -0.377 2,978 ~1.268 -3.485 0.341
H(12) 0.272 2.209 0.225 =3.497 2.141

XLII XLIII

C(5) -1.511 1.250 =-0.578 -1.511 1.250
c(6) -3.036 1.128 -0.290 ~-3.049 1.015
c(?) -1.263 1.314 -2.114 -1.061 1.460
c(8) -0.942 2.528 0.105 -1.132 2.496

Hydrogens Hydrogens
H(1) 1.298 0.883 -0.408 1.298 0.883
H(2) 1.298 -0.883 -0.408 = 1.298 -0.883
H(3) -1.298 -0.883 -0.408 -1.298 -0.883
H(4) -3.225 0.189 0.249  -3.562 1.898
H(5) -3.582 1.127 -1.246 -3.348 0.858
H(6) -3.355 1.985 0.321 -3.298 0.126
H(7) -2.231 1.269 ~-2.635 0.027 1.614
H(8) ~-0.639 0.459 -2.412 -1.570 2.346
H(9) -0.752 2.258 ~2.355 ~-1.326 0.567
H(10) -1.759 3.050 0.623 -0.042 2.641
H(11) -0.507 3.182 -0.664 =1.447 2.327
H(12) -0.170 2.232 0.830 -1.629 3.382

-0.578
-2.133
-0.090
-0.075

-0.408
-0.408
-0.408
-2.541
-2.470
-2.460
~0.445
-0.499

1.008

1.023
~-0.419

-0.484 .

-0.578
-0.520
-2.053

0.274

-0.408
-0.408
~0.408
-0.929

 0.526

-1.119
-2.077
-2.461
-2.639

0.231

1.315
-0.145
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TABLE 65

Atomic Coordinates for Models XLIV, XLV, XL.VI, XLVIII

XLIV

C(5)
C(6)
c(7)
c(8)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)

XLVI

c(5)
c(6)
c(7)
c(8)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)

H(8)

H(9)

H(10)
H(11)
H(12)

X y
-1.511 1.250
-3.022 0.921
-0.879 1.611
-1.341 2.438
Hydrogens
1.298 0.883
1.298 -0.883
-1.298 -0.883
-3.535 1.804
-3.450 0.658
-3.124 0.073

0.188 1.830
-1.389 2.497
-0.999 0.758
-0.268 2.651
-1.782 2,163
-1.853 3.322
-1.511 1.250
~2.615 1.702
-2.154 0.875
-0.472 2,393
Hydrogens
1.298 0.883
1.298 -0.883
-1.298 -0.883
~2.611 1.027
-2.405 2,732
-3.593 1.660
-1.727 1.518
-1.937 -0.180
-3.241 1.030
-0.772 3.258
-0.446 2.674

9.517 2.035

-0.578

-0.757
-1.954
0.412

-0.408
-0.408
-0.408
-1.066
0.220
-1.451
-1.811
-2.360
-2.638
0.536
1.381
0.004

-0.578

0.421
-1.945
-0.775

~-0.408
-0.408
-0.408

1.289

0.745
-0.081
~2.730
-2.166
-1.884
~0.165
-1.838
~0.457

XLy
X y
~1.511 1.250
-2,957 0.849
~0.724 1.764
~1.562 2.357
Hydrogens
1.298 0.883
1.298 ~0.883
-1.298 ~0.883
-3.469 1.732
-3.495 0.479
-2.903 0.059
0.296 2.033
-1.234 2.650
-0.688 0.967
-0.534 2,621
-2.111 1.974
-2.074 3.240
XLVIII
-1.511 1.250
-3.022 0.921
-0.879 1.611
-1.341 2,438
Hydrogens
1.298 0.883
1.298 -0.883
-1.298 -0.883
-3.201 -0.120
-3.289 1.032
-3.615 1.617
~0.469 2.630
-0.076 0.894
~1.657 1.558
-2.334 2,773
-0.820 3.261
-0.747 2,103

-0.578
-0.995
-1.819

0.514

-0.408
-0.408
-0.408
-1.403
-0.110
-1.759
-1.509
-2.225
-2.576

0.805

1.387

0.106

-0.578
-0.757
-1.954

0.412

-0.408
-0.408
~0.408
-0.451
-1.819
~0.146
~-1.903
-2.179
-2.730

0.745
~0.100

1.276
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TABLE 66
Atomic Coordinates for Models XLIX & L
XLIX L
X y z X v z
0(1) 1.624 0.0 2.367 1.624 0.0 2.367
0(2) ~-1.624 0.0 2.367 -1.624 0.0 2.367
c(1) 0.775 0.0 1.532 0.775 0.0 1.532
c(2) -0.775 0.0 1.532. -0.775 0.0 1.532
Cc(3) -0.785 0.0 0.0 -0.785 0.0 0.0
Cc(4) 0.785 0.0 0.0 0.785 0.0 0.0
c(5) -1.511 1.250 -0.578 1.511 -1.250 -0.578
c(6) -2.014 2.134 0.600 2.615 =1.702 0.421
c(7) -2.718 0.780 -1.442 2.154 -0.875 -1.945
C(8) -0.510 2.055 -1.457 0.472 -2.393 -0.775
c(9) 1.511 -1.250 -0.578 -1.511 1.250 -0.578
C(10) 2.014 -2.134 0.600 -2.615 1.702 0.421
c(1L) 0.510 -2.055 -1.457 -2.154 0.875 -1.945
C(12) 2.718 -0.780 -=1.442 -0.472 2.393 -0.775
Hydrogens Hydrogens
H(L) 1.298 0.883 -0.408 1.298 0.883 -0.408
H(2) -1.298 -0.883 -0.408 -1.298 -0.883 -0.408
H(3) -2.522 3.020 0.191 -3.128 2.586 0.012
H(4) -1.151 2.448 1.205 -2.146 1.953 1.384
H(5) -2.711 1.547 1.216 -3.334 0.881 0.557
H(6) -3.409 0.205 -0.809 -1.362 0.548 -2.636
H(7) -3.253 1.665 -1.820 ~-2.667 1.758 -2.354
H(8) -2.347 0.149 -2.263 -2.876 0.060 -1.790
H(9) 0.340 2.370 -0.834 -0.021 2,638 0.197
H(10) -0.157 1.413 -2.278 0.304 2.053 -1.475
H(11) -1.023 2.939 -1.866 -0.985 3.276 -1.183
H(12) 2.522 ~-3.020 0.191 3.128 -2.586 0.012
H(13) 2.711 ~1.547 1.216 2.146 -1.953 -1.384
H(14) 1.151 ~2.448 1.205 3.334 -0.881 0.557
H(15) -0.340 ~2.370 -0.834 2.667 -1.758 ~2.354
H({16) 1.023 ~2.939 -1.866 2.877 -0.060 -1.790
H(17) 0.157 -1.413 -2.278 1.362 -0.548 ~2.636
H(18) 3.409 ~0.205 -~0.809 0.985 -3.276 -1.183
H(19) 2.347 ~0.149 -2.263 0.021 -2.638 0.197
H(20) 3.253 ~1.665 -1.820 -0.304 -2.053 -1.475
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TABLE

67

Atomic Coordinates for Models LII & LIIT

LIT

0(1)
0(2)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
c(7)
c(8)
c(9)
C(10)
c(11)
c(12)

H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(13)
H(14)
H(15)
H(16)
H(17)
H(18)
H(19)
H(20)

X y
1.624 0.0
-1.624 0.0
0.775 0.0
-0.775 0.0
-0.785 0.0
0.785 0.0
~1.511 1.250
-3.022 0.921
-0.879 1.611
-1.341 2.438
1.511 ~1.250
3.022 -0.921
0.879 ~1.611
1.341 -2.438
Hydrogens
1.298 0.883
-1.298 -0.883
-3.535 1.804
-3.450 0.658
-3.124 0.073
0.188 1.830
-1.389 2,497

-0.999 0.758
-0.268 2.651

-1.782 2.163
~-1.853 3.322
3.535 -1.804
3.450 -0.658
3.124 -0.073
1.389 -2.497
0.999 -0.758
-0.188 -1.830
1.853 -3.322
0.268 -2.651
1.782 -2.163

2.367
2.367
1.532
1.532
0.0
0.0
~0.578
-0.757
-1.954
0.412
-0.578
-0.757

-1.954

0.412

-0.408
-0.408
-1.166
0.220
-1.451
-1.811
-2.360
-2.638
0.536
1.381
0.004
-1.166
0.220
-1.451
-2.360
-2.638
-1.811
0.004
0.536
1.381

LIII
X b
1.624 0.0
-1.624 0.0
0.775 0.0
-0.775 0.0
-0.785 0.0
0.785 0.0
-1.511 1.250
-~3.022 0.921
-0.879 1.611
-1.341 2.438
1.511 -1.250
2.615 -1.702
2.154 -0.875
0.472 -2.393
Hydrogens

1.298 0.883

~-1.298 -0.883
-3.535 1.804
-3.450 0.658
-3.124 0.073

0.188 1.830
-1.389 2.497

~0.999 0.758
-0.268  2.651
-1.782 2.163
-1.853 3.322
3.128  -2.586
2.146  -1.953

3.334 -0.881
2.668 -1.758
2.877 -0.060
1.362 ~0.548
0.985 -3.276
0.021 -2.638
~0.304 ~2.053

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
-0.757
-1.954
0.412
-0.578
0.421
~1.945
-0.775

-0.408
-0.408
-1.166
0.220
-1.451
-1.811
-2.360
-2.638
0.536
1.381
0.004
0.012
1.384
0.557
-2.354
-1.790
-2.636
-1.183
0.197
-1.475
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TABLE 68

Atomic Coordinates for Models LIV & LV

LIV

o(1)
0(2)
c(1)
C(2)
€(3)
C(4)
c(5)
c(6)
c(7)
c(8)
Cc(9)
c(10)
Cc(11)
C(12)

H(L)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(13)
H(14)
H(15)
H(16)
H(17)
H(18)
H(19)
H(20)

X .
1.624 0.0
-1.624 0.0
0.775 0.0
-0.775 0.0
-0.785 0.0
0.785 0.0
1.511 -1.250
2.718 ~-0.780
0.510 -2.055
2.014 ~2.134
-1.511 1.250
-2.718 0.780
-0.510 2.055
-2.014 2,134
Hydrogens
-1.298 -0.883
1.298 0.883
1.548 -3.128
1.736 -1.656
3.108 =2.227
3.645 -1.196
2.761 0.318
2.582 -1.140
0.402 ~-3.068
0.900 -2.111
-0.462 -1.542
-1.548 3.128
-1.736 1.656
-3.108 2.227
-3.645 1.196
-2.761 -0.318
-2.582 1.140
-0.402 3.068
-0.900 2.111
0.462 1.542

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
~-1.442
-1.457
0.600
-0.578
-1.442
-1.457
0.600

-0.408
-0.408

0.526

1.550

0.536
-1.019
-1.431
-2.473
-1.041
-2.484

-1.454

0.526
1.550
0.536
-1.019
~1.431
-2.473
-1.041
-2.484
-1.454

-

LV
X 2
1.624 0.0

-1.624 0.0
0.775 0.0

-0.775 0.0

-0.785 0.0
0.785 0.0

-1.511 1.250

~1.481 1.179

-0.776 2.533

-2.985 1.258
1.511 -1.250
1.481 -1.179
0.776 -2.533
2.985 -1.258

Hydrogens

1.298 0.883

-1.298 -0.883

~-0.954 0.263

-0.954 2.063

-2.514 1.162

-1.480 3.150
0.073 2.240

-0.417 3.094

-3.126 2.179

-3.659 1.222

~3.150 0.379
0.954 -0.263
0.954 ~2.063
2.514 -1.162
1.480 ~3.150

-0.073 ~2.240
0.417 ~3.094
3.162 ~2.179
3.659 -1.222

3.150 ~0.379

2.367
2.367
1.532
1.532
0.0
0.0
-0.578
~-2.133
-0.090
-0.075
-0.578
-2.133
-0.090
-0.075

-0.408
-0.408
-2.440
-2.521
-2.511
0.487
0.542
-0.965
9.499
-0.943
0.564
-2.440
-2.521
-2.511
0.487
0.542
-0.965
0.499
-0.943
0.564
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SUPPLEMENTARY DATA

SUPPLEMENTARY DATA contains tables of data, not

located in the main text but is pertinent to theoretical

study.
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Selected EHMO's for CBD with Di t-butyl substitution (Crystal)
(C2 symmetry)

The valence state ionization potentials of oxygen
2s & 2p are 32.3 & 14.8 respectively.

Model LVI

MO (sym) wg(B) nS(A) ﬂg(B) nS(A)
Energy (eV) -10.507 -12,075 ~10.507 -12.075
Ci 's ‘ ,

H(1) 0.112 ~-0.064 6(3,x) -0.028 -0.349
H(2) -0.111 -0.064 C(4,x) -0.005 0.084
H(3) -0.010 ~-0.025 €(5,x%) 0.060 0.044
H(4) -0.014 0.033 C(6,x) ~-0.009 -0.017
H(5) 0.004 0.002 c(7,x) -0.001 -0.013
H(6) ~0.024 ~0.034 c(8,x) -0.013 0.007
H(7) 0.009 0.059 C(9,x) -0.043 0.009
H(8) 0.004 -0.002 C(10,x) -0.009 0.016
H(9) 0.012 0.010 C(11,x) -0.002 0.013
H(10) 0.007 0.008 c(12,x) ~0.013 -0.008
H(11) -0.029 -0.051 o(1,y) 0.407 -0.011
H(13) -0.012 0.011 0(2,y) 0.409 -0.0%5
H(14) 0.029 -0,052 c(1l,y) -0.607 0.009
H(15) -0.004 -0.002 c(2,y) 0.083 0.052
H(16) 0.024 -0.034 C(3,y) -0.603 0.007
H(17) -0.009 0.028 cl4,y) 0.082 -0.072
H(18) -0.005 0.002 c(5,y) -0.106 -0.072
H(19) - 0.011 -0.025 c(6,y) 0.011 -0.017
H(20) 0.014 0.033 c(7,y) 0.005 0.013
0(1,s) ~-0.003 0.012 c(8,y) 0.011 0.033
0(2,s) 0.003 0.012 c(9,y) -0.111 0.083
c(1,s) 0.002 ~0.076 c{10,y) 0.007 0.013
C(2,s) -0.009 0.044 . C(11,y) 0.005 -0.014
c(3,s) ~-0.002 ~0.075 c(12,y) 0.012 -0.042
C(4,s) . 0.009 0.044 0(1,2) 0.040 0.228
C(5,s) -0.033 ~0.016 0(2,2) ~0.011 0.225
C(6,s) -0.003 ~0.007 c(1,z) 0.010 -0 "26
C(7,s) 00.000 0.004 c(2,2z) ~0.002 17
C(8,s) 0.007 0.032 €(3,2) ~0.054 ~.z28
c(9,s) 0.033 ~0.016 C(4,2) 0.008 0.255
€(10,s) 0.003 ~0.007 c(5,2) ~0.071 - -0.137
C(11,s) -0.000 0.004 C(6,2z) ~0.036 0.036
c(12,s) -0.007 0.032 c(7,z) 0.005 0.016
0(1,x) 0.013 0.382 C(8,2) 0.023 0.126
0(2,x) 0.0127 ~0.382 c(9,2) 0.062 -0.132
c(1,x) -0.029 0.350 €(10,z) 0.042 0.037
C(2,x) ~0.005 -0.085 c(11,z) ~0.005 0.015

H(12) -0.007 0.008 c(12,z) ~0.022 0.124
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Selected MO energies for the following isolated alkyl

Models. LVII, LVIII, LIX & LX
Model No. Isolated alkyl model
LVII Ethane
LVIII Butane
LIX T-butyl
LX Di-t-butyl
LXI 1,2 di-t-butyl ethane

g-Molecular Orbital Energies

* (antibonding)
LVII © LVIIL LIX LX LXI

0.725% 0.197% 0.903% 00.864y -9,256%
-14.131 -13.394 ~13.538 -13,520 -12.256
-14,131 -13.622 ~-13.559 -13.534 -13.069
-14.840 -13.996 ~14.183 -13.541 -13.,187
-15.972 ~14.643 ~-15.081 -13.570 -13.269
-16.473 -15.170 ~15.335 -13.998 ~13.468 -
-21.604 -15.539 -15.359 -14.337 -13.748
-15.785 -15.849 -15.062 -14.026

-15.897 -15.870 -15.076 -14.494

-16.476 -16.307 -15.279 -14,665

-19.791 -19.490 -15.278 -15.042

-22.185 -23.734 -15.334 ~15.178

-15.336 '-15.250

~-15.406 -15.326

-15.840 -15.340

-15.839 -15.426

-15.842 -15.712

~15.85¢4 ~15.821

-15.870 -15.896

-16.224 -16.338
-16.387 ~16.570
~-19.392 -17.994
-19.579 -18.566
-23.683 -21.445

-23.684
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Selected EHMO's for isolated ethane. LVII

Atomic Coordinates

X y z
c(1) ~0.786 0.0 0.0
c(2) 0.786 0.0 0.0
H(1) -0.778 0.0 1.100
H(2) 0.778 0.0 1.100
H(3) -1.298 -0.883 -0.408
H(4) -1.298 0.883 -0.408
H(5) 1,298 0.883 -0.408
H(6) 1,298 ~0.883 -0.408

sz Symmetry

o-Molecular Orbitals
Ci 's | -14,131 -14.131 -14.840 -15.972
H(1) 0.132 -0.423 0.000 0.000
H(2) 0.156 0.414 0.000 0.00
H(3) 0.125 0.156 0.341 0.286
H(4) 0.125 0.156 -0.341 ~-0.286
H(5) 7.116 -0.164 0.341 -0.286
H(6) 0.116 -0.164 ~0,341 0.286
c(1,s) -0.073 . =0.033 0.000 0.000
c(2,s) -0.073 0.033 '0.000 0.000
C(1,x%) -0.528 -0.010 0.000 0.000
c(i,y) - 0.000 0.000 -0,387 -0.387
c(1,2) 0.162 -0.434 0.000 0.000
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Selected EHMO's for isolated 1,2 di~t-butyl ethane LXI

(c, Symmetry)

Atomic Coordinates

. X y z
c(1) 0.786 - 0.0 0.0
c(2) 1.512 -1.250 -0.578
c(3) 1.478 -1.181 -2.133
c(4) 0.777 -2.533 ~0.091
c(5) 2.985 -1.258 -0.076
c(6) -0.786 0.0 0.0
c(7) -1.512 1.251 -0.578
c(8) ~-1.481 1.250 -0.578
c(9) -0,777 2.533 -0.091
€(10) ~2.985 1.258 -0.076

o- Molecular Orbitals

(2-fold related elements not shown)
A B B A

Cyy's  -12.256 -13.069  -13.187 ~13.269
c(,s) 0.019 -0.016 -0.040 -0.063
c(2,s) ~0.004 -0.012 -0.014 0.040
€(3,s) 0.021 0.060 0.023 ~0.004
cl4,s) -0.032 -0.017 -0.002 0.038
c(5,s) -0.123 ~0.014 -0.034 0.008
C(1,x%) 0.309 -0.088 0.029 0.217
C(2,x) -0.275 0.043 -0.017 0.016
C(3,x) 0.045 0.008 0.013 -0.032
Cl4,x) -0.055 -0.012 0.069 0.080
c(5,x) 0.029 0.009 -0.026 0.138
c(1,y) ~0.193 0.141 0.202 0.102
c(2,y) 0.248 ~0.110 ~0.160 ~0.145
c(3,y) -0.008 0.024 0.028 0.015
Cl4,y) -0.125 - =0.030 0.062 0.160
c(5,y) -0.379 -0.010 -0.115 0.183
c(1,z) 0.003 0.287 0.003 0.167.
c(2,2) ~0.086 -0.334 -0.164 0.090
C(3,z) Nn.067 0.323 0.128 ~0.022
c(4,2) 0.027 0.078 0.026 -0.049
c(5,2) 0.161 0.072 0.123 -0.070
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Selected EHMO values for mono-substituted CBD

models. Various rotations of the t~butyl methyl hydrogen

atoms are studied.

Rotation t-butyl AE
Model No. methyl hydrogen LEMO HOMO n- w¥
_ ev ev ev
LXII 50° -12.585 -10.834 1.751
LXIII 70° -12.579 -10.834 1.745
LXIV 80° -12.564 -10.833 1.731
TEE = -1072.58 -1072.225 -1071,62

(ev)
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Reduced overlap population values from EHMO Calculations

for the crystal structure model, LVI,

Bond

o(1) -
c@) -
c() -
Cl4) -
c(s) -
c(s) -
c(s) -
c(4) -

c(1)
C(4)
c(2)
c(5)
C(6)
@)
c(8)

c(3)

Reduced overlap population

0.777
0.809
0.751
0.733
0.757
0.752
0.754

0.691



