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Foreword

In recent years The Chemistry of Functional Groups series has included three volumes
on composite functional groups in which a C=C double bond was attached to another
group. The chemistry of enones (edited by S. Patai and Z. Rappoport) appeared in 1989;
The chemistry of enols (edited by Z. Rappoport) appeared in 1990 and The chemistry
of enamines (edited by Z. Rappoport) appeared in 1994. We believe that the time has
arrived for a book dealing with the combination of C=C double bonds, namely dienes
and polyenes. The two double bonds can be conjugated, and conjugated dienes have a
chemistry of their own, but even non-conjugated dienes show certain reactions that involve
both double bonds. Allenes and cumulenes, which represent a different combination of
the double bonds were treated in The chemistry of ketenes, allenes and related compounds,
edited by S. Patai in 1980.

The present volume contains 21 chapters written by experts from 11 countries and is
the first volume of a set of two. We hope that the missing topics will be covered in the
second volume which is planned to appear in 2-3 years’ time.

The present volume deals with the properties of dienes, described in chapters on theory,
structural chemistry, conformations, thermochemistry and acidity and in chapters dealing
with UV and Raman spectra, with electronic effects and the chemistry of radical cations
and cations derived from them. The synthesis of dienes and polyenes, and various reactions
that they undergo with radicals, with oxidants, under electrochemical conditions, and
their use in synthetic photochemistry are among the topics discussed. Systems such as
radialenes, or the reactions of dienes under pressure, comprise special topics of these
functional groups.

The literature coverage is up to 1995 or 1996.

I would be grateful to readers who call my attention to mistakes in the present volume.

Jerusalem ZN1 RAPPOPORT
August, 1996
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The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject,
but to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address himself to a reader who is assumed to be at a fairly
advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES —as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labelled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

xiii



X1V Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred.
The first of these is the publication of supplementary volumes which contain material
relating to several kindred functional groups (Supplements A, B, C, D, E, F and S). The
second ramification is the publication of a series of ‘Updates’, which contain in each
volume selected and related chapters, reprinted in the original form in which they were
published, together with an extensive updating of the subjects, if possible, by the authors
of the original chapters. A complete list of all above mentioned volumes published to
date will be found on the page opposite the inner title page of this book. Unfortunately,
the publication of the ‘Updates’ has been discontinued for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI
Jerusalem, Israel ZV1 RAPPOPORT
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2 V. Branchadell, M. Sodupe, A. Oliva and J. Bertrdn
I. INTRODUCTION

Dienes and polyenes have been a subject of great interest due to their important role
in biology, materials science and organic synthesis. The mechanism of vision involves
cis—trans photoisomerization of 11-cis-retinal, an aldehyde formed from a linear polyene.
Moreover, this kind of molecule exhibits high linear and non-linear electrical and optical
properties. Short polyenes are also involved in pericyclic reactions, one of the most
important classes of organic reactions.

A knowledge of the structure and properties of dienes and polyenes is necessary to
understand the mechanisms of these processes. Quantum chemical calculations can be very
helpful to achieve this goal. Several reviews have discussed the theoretical contributions
to different aspects of dienes and polyenes! 7. Orlandi and coworkers! have reviewed
the studies devoted to the ground state structure and spectra of linear polyenes. The
molecular electrical properties of several organic molecules, including polyenes, have
been considered by André and Delhalle?. Finally, the mechanism of pericyclic reactions
has been discussed by Houk and coworkers>* and Dewar and Jie’.

The aim of this chapter is to present the most recent theoretical contributions to the
study of structure, properties and reactivity of dienes and polyenes. Earlier stages in these
areas are covered in the above-mentioned reports! ~>.

In this chapter we do not intend to carry out an exhaustive review of all the theoretical
studies related to dienes and polyenes. Instead, we have selected those studies which we
think may illustrate the present status of quantum chemical calculations in the study of
these compounds. We will emphasize the significance and validity of the results rather
than the methodological aspects. We will focus our attention on ab initio calculations,
although some references to semiempirical results will also be included. In order to make
the reading more comprehensive to the nontheoretician, we will briefly present in the next
section a survey of the most common theoretical methods. In Section III we will present
the studies dealing with the ground state structures and vibrations of linear polyenes. The
excited states structures and electronic spectra will be considered in Section IV. Section V
will be devoted to electrical and optical properties. Finally, the Diels—Alder reaction will
be covered in Section VI, as a significant example of chemical reaction involving dienes.

Il. SURVEY OF THEORETICAL METHODS

The purpose of most quantum chemical methods is to solve the time-independent
Schrodinger equation. Given that the nuclei are much more heavier than the electrons, the
nuclear and electronic motions can generally be treated separately (Born-Oppenheimer
approximation). Within this approximation, one has to solve the electronic Schrodinger
equation. Because of the presence of electron repulsion terms, this equation cannot be
solved exactly for molecules with more than one electron.

The most simple approach is the Hartree—Fock (HF) self-consistent field (SCF) approx-
imation, in which the electronic wave function is expressed as an antisymmetrized product
of one-electron functions. In this way, each electron is assumed to move in the average
field of all other electrons. The one-electron functions, or spin orbitals, are taken as a
product of a spatial function (molecular orbital) and a spin function. Molecular orbitals
are constructed as a linear combination of atomic basis functions. The coefficients of this
linear combination are obtained by solving iteratively the Roothaan equations.

The number and type of basis functions strongly influence the quality of the results.
The use of a single basis function for each atomic orbital leads to the minimal basis set.
In order to improve the results, extended basis sets should be used. These basis sets are
named double-¢, triple-¢, etc. depending on whether each atomic orbital is described by
two, three, etc. basis functions. Higher angular momentum functions, called polarization
functions, are also necessary to describe the distortion of the electronic distribution due
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to the bonding. Although increasing the size of the basis set is expected to improve the
description of the system, the exact result will never be achieved with such a monoconfig-
urational wave function. This is due to the lack of electron correlation in the Hartree—Fock
approximation.

Two different correlation effects can be distinguished. The first one, called dynami-
cal electron correlation, comes from the fact that in the Hartree—Fock approximation the
instantaneous electron repulsion is not taken into account. The nondynamical electron cor-
relation arises when several electron configurations are nearly degenerate and are strongly
mixed in the wave function.

Several approaches have been developed to treat electron correlation. Most of these
methods start from a single-reference Hartree—Fock wave function. In the configuration
interaction (CI) method, the wave function is expanded over a large number of configura-
tions obtained by exciting electrons from occupied to unoccupied orbitals. The coefficients
of such an expansion are determined variationally. Given that considering all possible exci-
tations (Full CI) is not computationally feasible for most of the molecules, the expansion is
truncated. The most common approach is CISD, where only single and double excitations
are considered. The Mgller—Plesset (MP) perturbation theory is based on a perturbation
expansion of the energy of the system. The nth-order treatment is denoted MPn. MP2
is the computationally cheapest treatment and MP4 is the highest order normally used.
Finally, other methods for including dynamical electron correlation are those based on
the coupled cluster (CC) approach.

When the HF wave function gives a very poor description of the system, i.e. when
nondynamical electron correlation is important, the multiconfigurational SCF (MCSCF)
method is used. This method is based on a CI expansion of the wave function in which both
the coefficients of the CI and those of the molecular orbitals are variationally determined.
The most common approach is the Complete Active Space SCF (CASSCF) scheme, where
the user selects the chemically important molecular orbitals (active space), within which
a full CI is done.

An alternative approach to conventional methods is the density functional theory (DFT).
This theory is based on the fact that the ground state energy of a system can be expressed as
a functional of the electron density of that system. This theory can be applied to chemical
systems through the Kohn-Sham approximation, which is based, as the Hartree—Fock
approximation, on an independent electron model. However, the electron correlation is
included as a functional of the density. The exact form of this functional is not known,
so that several functionals have been developed.

The inclusion of electron correlation is generally necessary to get reliable results. How-
ever, the use of methods that extensively include electron correlation is limited by the
computational cost associated with the size of the systems.

Even ab initio Hartree—Fock methods can become very expensive for large systems. In
these cases, the semiempirical methods are the ones generally applied. In these methods,
some of the integrals are neglected and others are replaced using empirical data.

Up to now, we have only considered the computation of the electronic energy of the
system. To get a thorough description of the structure of a molecule, it is necessary to
know the potential energy surface of the system, i.e. how the energy depends on the
geometry parameters. Optimization techniques allow one to locate stationary points, both
minima and saddle points on the potential energy surface. These methods require the
derivatives of the energy with respect to the geometry parameters. Second derivatives are
necessary to obtain the harmonic frequencies. Higher-order derivatives are much more
difficult to obtain.

In this section we have surveyed the most common methods of quantum chemistry on
which are based the studies presented in the next sections. A more extensive description
of these methods can be found in several excellent textbooks and reports®~!1.
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Ill. GROUND STATE STRUCTURE AND VIBRATIONAL SPECTRA

The structure of the ground state of linear polyenes has been the subject of several
theoretical studies!>~37. Molecular geometries and vibrational frequencies for polyenes
up to CigHyo have been reported. Much emphasis has been placed on the calculation of
force constants that can be used in the construction of force fields.

We will first discuss results corresponding to 1,3-butadiene. This molecule is the sim-
plest of the series, so that several levels of calculation have been used, thus permitting
one to establish the minimum requirements of the theoretical treatment. The extension to
trienes, tetraenes and longer polyenes will be discussed in further subsections.

A. Butadiene

The ground state structure of butadiene has been extensively studied using different
kinds of theoretical methods!?:21:23.31.34.36 " For this molecule, several conformations
associated with rotation around the single C—C bond are possible. Experimental evi-
dence shows that the most stable one is the planar s-frans conformation. All theoretical
calculations agree with this fact.

1. Geometry

Figure 1 shows schematically the structure of s-trams-1,3-butadiene. Several studies
show that proper geometry parameters are only obtained with a basis set of at least
double-¢ quality, including polarization functions for carbon atoms. Table 1 presents a
selection of the results obtained at several levels of calculation, using a basis set of
this kind.

At the HF level, the value of the C=C bond length is clearly underestimated. The
inclusion of electron correlation at different levels of calculation leads to values in closer
agreement with experiment. The value of the C—C bond length is less sensitive to the
inclusion of electron correlation. As a consequence of this fact, the CC bond alter-
nation (the difference between CC single and double bond lengths) is overestimated
at the HF level. The inclusion of dynamical electron correlation through MPn calcu-
lations corrects this error. A very similar result is obtained at the CASSCF level of
calculation®'.

The values of the C—H bond lengths also change with the inclusion of elec-
tron correlation, leading to a better agreement with the experimental values. On the
other hand, the values of the CCC and CCH bond angles are less sensitive to the
level of calculation. These results show that the inclusion of electron correlation is
necessary to obtain geometry parameters within the range of the experimental results.
However, some of the geometry parameters are already well reproduced at lower levels
of calculation.

HIO\
H5
C4—H8
V4
c—c”
w—cs” \H6
HY

FIGURE 1. Schematic representation of the structure of s-trans-1,3-butadiene
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TABLE 1. Geometry® (in A and degrees) of s-trans-1,3-butadiene at several levels of calculation”

HF¢ MP2¢ MP3¢ Mp4¢ exp®
C1C3 1.323 1.342 1.338 1.349 1.337-1.349
cic2 1.468 1.456 1.463 1.464 1.463-1.467
CIH5 1.078 1.090 1.090 1.094 1.093-1.108
C3H7 1.075 1.084 1.085 1.089 1.093-1.108
C3H9 1.077 1.086 1.087 1.091 1.093-1.108
cicac4 124.1 123.7 123.7 123.8 122.8-124.4
C1C2H6 116.6 116.7 116.5 116.5 114.7-117.7
C2C4H10 121.7 121.4 121.6 121.5 119.5-120.9
C2C4HS 121.1 121.7 121.8 121.8 119.5-102.5

@See Figure 1 for numeration.

A basis set of double-¢{+polarization quality is used in all cases.
“Reference 23.

dReference 35.

¢Reference 38.

TABLE 2. Selected vibrational frequencies (cm’l) of s-trans-1,3-buta-
diene computed at several levels of calculation®

Symmetry Description HF? MP2P MP4¢ exp?
ag CH str 3242 3200 3165 3025
CH; str 3325 3217 3149 3014
C=C str 1898 1745 1721 1644
C—Cstr 1326 1265 1250 1206
CCC bend 550 522 515 513
by CH str 3343 3207 3165 3062
CH; str 3331 3216 3156 2986
C=C str 1818 1678 1657 1579
CCC bend 319 298 295 301
ay CCCC tors 167 160 160 163¢

%A basis set of double-£+polarization quality is used in all cases.
bReference 23.
“Reference 35.
dReference 39.
¢Reference 40.

2. Vibrational frequencies and force field

Harmonic vibrational frequencies for s-frans butadiene have also been calculated at
several levels of calculation!®-21-23:24.31.35 ‘Typle 2 presents the computed values of some
of the vibrational frequencies.

HF frequencies are generally larger than the corresponding experimental data. The
inclusion of electron correlation improves the results, but the theoretical frequencies are
still higher than the experimental ones. Both the introduction of electron correlation and
the size of the basis set seem to be important in order to obtain reliable results.

In order to obtain better agreement between theory and experiment, computed fre-
quencies are usually scaled. Scale factors can be obtained through multiparameter fitting
towards experimental frequencies. In addition to limitations on the level of calculation, the
discrepancy between computed and experimental frequencies is also due to the fact that
experimental frequencies include anharmonicity effects, while theoretical frequencies are
computed within the harmonic approximation. These anharmonicity effects are implicitly
considered through the scaling procedure.
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TABLE 3. Selected force constants (mdyn A~!) computed for
s-trans butadiene at several levels of calculation®

HF* MP2P MP4¢ exp?
Cc=C 11.259 9.591 9.263 8.886
c-C 5.859 5.687 5.491 5.428
Cc=C/C-C 0.398 0.414 0.409
C=C/C=C —0.093 —0.110 —0.116

%A basis set of double-£+polarization quality is used in all cases.
bReference 23.
“Reference 35.
dReference 39.

A knowledge of the force field for the ground state of a molecule is essential for
understanding its static and dynamical properties. The characterization of the potential
surfaces from vibrational data alone is not possible for most molecules, even when the
harmonic approximation is assumed. The large number of adjustable parameters in the
force constants matrix requires information from different isotopic species which are very
difficult to obtain in a highly purified form for many molecules. The number of parameters
can be reduced by truncation of the off-diagonal interaction constants. However, this
approximation introduces great uncertainty in the derivation of accurate force fields. Force
constants can be computed from theoretical calculations without any assumption regarding
the off-diagonal coupling terms. Scaled force constants can be generally transferred from
one molecule to another and allow the construction of accurate force fields. These force
fields are necessary to interpret the vibrational spectra of more complex molecules.

Table 3 presents the values of the force constants corresponding to the C skeleton
vibrations of s-frans-1,3-butadiene obtained at several levels of calculation. The com-
puted values are very sensitive to the inclusion of electron correlation. Stretching C=C
and C—C force constants decrease when electron correlation is taken into account. This
effect is generally larger for basis sets without polarization functions than for those with
polarization functions?3. On the contrary, the values of the C=C/C—C and C=C/C=C
coupling constants do not vary much upon increasing the level of calculation of electron
correlation.

3. Conformational equilibrium

The potential energy function corresponding to the rotation around the C—C bond
of butadiene has been studied in detail by Guo and Karplus?3. The second stable iso-
mer corresponds to a gauche conformation, with a CCCC torsion angle between 35 and
40 degrees. At the MP3/6-31G™ level of calculation, this conformation is 2.6 kcal mol~!
higher than the most stable s-trans conformation, in excellent agreement with the exper-

imental value of 2.7 kcal mol_l4l, and 0.9 kcalmol~! lower in energy than the planar
s-cis conformation, which would correspond to the transition state linking two different
gauche structures.

The form of the torsional potential in the region between CCCC = 0-120 degrees is not
sensitive to the addition of polarization functions or inclusion of electron correlation. The
effects are somewhat larger in the region between 120 and 180 degrees. The C—C and
C=C bond lengths are very sensitive to a change in the torsional angle. This behavior
can be related to the change in the degree of 7 bond delocalization®??3. Finally, the
C=C—C bond angle remains almost constant when the torsional angle varies from 0 to
135 degrees, but dramatically increases in going from 135 to 180 degrees, due to the
repulsion between two methylene groups.
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A density functional calculation reported by Oie and coworkers* shows that the
potential energy surface between the s-cis and gauche regions is extremely flat, so that
the potential energy surface should be considered of a cis-trans type rather than of a
gauche—trans type.

Several studies have considered the role of substituents on the conformational equilib-
rium in butadiene'®27-28:32.33 Guo and Karplus®’ have studied the structures of stable
conformations and potential energy functions about the central C—C bond for 18 different
methylated butadienes. They showed that methyl substitution at the (£)-4-position has lit-
tle effect on the potential function, while the methyl substitution at the (Z)-4-position has
a larger effect on the shape of the potential function. All the three trimethylated derivatives
of butadiene have a global potential energy minimum at the gauche conformation, while
for 2,4-dimethylpentadiene there is a second stable structure corresponding to the s-trans
conformation. The stable conformations of 1,3-dienes and the shapes of potential func-
tions can be determined from two basic interactions: conjugation and steric repulsion.
Conjugation tends to stabilize the planar conformations (s-cis or s-trans), while steric
repulsion is normally strongest in the planar conformations and weakest in the nonplanar
ones. The changes in the shape of the potential function produced by methyl substitution
are mainly due to the increase of steric interactions.

B. Trienes and Tetraenes

We will now consider the studies devoted to the next two linear polyenes: 1,3,5-
hexatriene and 1,3,5,7-octatetraene. First, we will present the results corresponding to
geometries and conformational energies computed for these compounds. We will then
discuss the computed frequencies and force fields.

1. Geometries and conformations

The most stable conformation of both hexatriene and octatetraene is the all-s-trans one.
Figure 2 represents these structures schematically.

HY H8 r|114
Hil C3 2 C6
= = =
Nes? \C|1/ ~cs” HR
HI3 H7 HIO
(a)
HI3 1|{9 le I|—118
HI5 s Ci c4 8
= = =
e e \C|2 Sce” HI6
H17 HIl HIO  HI4
(b)

FIGURE 2. Schematic representation of the structure of: (a) all-trans-1,3,5-hexatriene and (b) all-trans-
1,3,5,7-octatetraene
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TABLE 4. Selected geometrical parameters® (A) of all-trans-
hexatriene computed at several levels of calculation”

Bond HF¢ ACPF¢ CASSCF? exp’
Cl1=C2 1.325 1.350 1.353 1.368
C3=C5 1319 1.341 1.347 1.337
C1-C3 1.460 1.451 1.459 1.458

“see Figure 2 for numeration.

A basis set of double-+polarization quality is used in all cases.
“Reference 21.

dReference 31.

“Reference 38a.

TABLE 5. Selected geometrical parameters® (A) of all-trans-
octatetraene computed at several levels of calculation”

Bond HF¢ CASSCF¢ Mp2¢ exp®
Cl1-C2 1.461 1.457 1.442 1.451
C1=C3 1.335 1.355 1.355 1.327
C3-C5 1.465 1.461 1.448 1.451
C5=C7 1.330 1.350 1.345 1336

“See Figure 2 for numeration.

b A basis set of double-¢+polarization quality is used in all cases.
“Reference 30.

dReference 36.

¢Reference 42.

Several theoretical studies have been devoted to the ground state structure of all-trans-
l,3,5—hexatriene:21*25’31 and all—trans—1,3,5,7—octatetraene18’21*26’30*31’36. Tables 4 and 5
present the values of the CC bond lengths obtained in some selected theoretical
calculations.

The introduction of electron correlation produces the same kind of effects on the CC
bond lengths as those observed for butadiene. For hexatriene and octatetraene the inner
C=C bonds are predicted to be longer than the outer C=C bonds. This result is in
excellent agreement with experimental data corresponding to hexatriene, but differs from
the experimental result in the case of octatetraene. This discrepancy has been suggested
to be due to an important experimental error in the reported values*2.

When these results are compared with those corresponding to butadiene (Table 1), one
can observe that bond alternation decreases upon increasing the chain length at all levels
of calculation, in excellent agreement with experimental results.

High energy stable rotamers of hexatriene have also been theoretically studied?2°. Two
possible Cis/Trans isomers are possible with respect to the C1=C2 bond (see Figure 2).
For each of them, the rotation around the C1—C3 and C2—C4 bonds can lead to s-trans
and gauche conformations. The gauche-Trans-trans, trans-Cis-trans and gauche-Cis-trans
conformers have been found to be 3.0, 2.0 and 5.1 kcalmol~! above the most stable
all-trans conformation, respectively®.

For trans-Cis-trans-hexatriene Liu and Zhou?® have found a planar C», structure at
the HF, MP2 and CASSCF levels of calculation, while the experimental data*3 suggest a
nonplanar structure with a dihedral angle of 10 degrees around the central C1=C2 double
bond. The calculated torsional potential curves around both the central C1=C2 double
bond and the C1—C3 single bond are very flat in the range between —10 and 10 degrees.
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This fact allows the effective relaxation of steric repulsion. The potential barrier for the
motion around the C—C single bonds is smaller than that corresponding to the motion
around the central C=C bond. Using the potential functions computed for these motions,
and assuming a Boltzmann distribution, average torsional angles of 7.7 and 7.1, at 300 K,
are obtained for rotations around C1—C3 and C1=C2, respectively. This torsional motion
seems to be due to the nonplanar structure observed experimentally.

Panchenko and Bock?® have studied three high energy rotamers of octatetraene:
g Tt T, tT,t,Ct- and g T,t,Ct- where C and T refer to Cis/Trans isomerism around
the C1=C3 and C2=C4 double bonds, while g and ¢ refer to gauche and s-trans
conformations around C5—C3, C1—C2 and C4—C6 single bonds (see Figure 2). The most
stable structure is 1, T.t,C,t-, which lies 1.9 kcal mol~! above the all-frans conformer. The
¢ Tt Tt- and g T,1,C,t- conformations are 3.0 and 5.0 kcalmol™' higher in energy than
the all-trans structure, respectively. These conformational energies are very similar to
those computed for hexatriene and butadiene.

2. Vibrational frequencies and force constants

Vibrational frequencies of hexatriene and octatetraene have been reported by several
authors?!24726:36 The increase in the size of these molecules with respect to butadiene
limits the use of highly accurate levels of calculation, so that a good choice of scaling
factors is necessary to obtain useful results. Kofraneck and coworkers?! have shown that
employing scale factors determined from vibrational data for trans structures alone does
not give a balanced description of cis and trans structures.

The experimental vibrational spectra of hexatrienes are complicated by the overlapping
of the vibronic coupling, which manifests itself in a decrease of the experimental value of
the total symmetric vibration of the C=C double bonds. This is the result of an interaction
between the ground and the lowest excited state frequencies of the dominant double bond
stretching modes. In order to take into account this effect, Panchenko and coworkers??
have used a special scale factor for the central C=C double bond stretching coordinate.
For the rest of the modes, the scale factors transferred from butadiene are used. This
treatment has been extended to all-trans-octatetraene®® and a complete assignment of its
experimental spectra has been achieved.

Liu and Zhou?® have computed the quadratic force field of cis-hexatriene by a sys-
tematic scaling of ab initio force constants calculated at the planar C», structure. Their
results reproduce satisfactorily the observed spectral features of this molecule.

Lee and colleagues3® have computed the vibrational frequencies of all-frans-octatetra-
ene. They have found that the mean absolute percentage deviation for frequencies is 12%
at the HF level, while it decreases to 4% at the MP2 level. Among the low-frequency
modes, the frequencies of the in- and out-of-plane CCC skeletal bends are lower than the
experimental values by 16%. When d basis functions on each carbon atom are added, the
frequencies of some of the low-frequency modes approach the observed frequencies.

When the electron correlation level improves from HF to MP4, the C=C/C=C coupling
constant remains basically unchanged in the DZ and 6-31G basis sets. The coupling
constants of MP4/DZ, MP4/6-31G* and MP2/6-311G(2d,p) increase no more than 23%
from the HF/DZ value. The C—C/C=C coupling constant does not vary appreciably upon
increasing the correlation level.

C. Longer Polyenes

The possibility that the results obtained for short polyenes can be extrapolated to longer
polyenes and to polyacetylene has been discussed by several authors?!:2431.37,



10 V. Branchadell, M. Sodupe, A. Oliva and J. Bertrdn

It is generally assumed that increasing the degree of polymerization of any polymer
leads to a number of very regular and systematic trends, provided that the backbone
conformation does not change in the course of this process. The latter condition is fulfilled
for all-trans-polyenes. However, how fast the convergence to bulk and convergence to
edge effects is reached for a particular mode depends very much on the system under
consideration. In the case of the all-trans-polyenes, the most prominent feature that has
been observed in the vibrational spectra is the decrease of the lowest totally symmetric
C=C double bond stretching frequency. A correct description of the C=C stretching region
of the vibrational spectra requires good estimates of the off-diagonal force constants, that
can only be achieved when electron correlation is taken into account in the computation
of the force field. For this reason, the use of calculations at the Hartree—Fock level
and conventional scaling techniques is insufficient to obtain a good description of the
vibrational spectra of long polyenes.

Kofraneck and coworkers?* have used the geometries and harmonic force constants
calculated for frans- and gauche-butadiene and for trans-hexatriene, using the ACPF
(Average Coupled Pair Functional) method to include electron correlation, to compute
scaled force fields and vibrational frequencies for trans-polyenes up to 18 carbon atoms
and for the infinite chain.

Complete harmonic force fields have been computed up to CjoHj,. For C14H¢ only the
in-plane force field has been calculated while for C;gH»( calculations have been restricted
to that part of the force field directly related to the carbon backbone. The results obtained
show that diagonal force constants for C=C decrease as the length of the chain increases,
whereas the opposite occurs for C—C. For a polyene of a specified chain length, the force
constant corresponding to a C=C is lower in the center of the chain than it is at the edge
of the molecule. C—C force constants behave oppositely. An almost linear correlation is
observed between equilibrium distances and diagonal force constants. Faster convergence
is observed for force constants corresponding to bonds at the edge of a polyene than for
force constants of central bonds.

Structural features of the methylene end group converge very fast upon chain length
extension. A similar fast convergence is obtained for the methine C—H bond lengths
and all bond angles. On the other hand, a slower convergence is obtained for the central
CC single and double bonds?*3'37. The reduction of the bond alternation is the most
important geometry change accompanying the increase in the chain length.

For most of the force constants, extrapolation to the infinite length polyene is unnec-
essary because convergence is practically already achieved for Ci4Hje. The only slowly
converging part of the force field is connected with carbon-carbon single and double bond
stretches and the coupling between them. According to these results, we could expect that
the knowledge of an accurate force field for butadiene and hexatriene will allow a rather
safe extrapolation to longer polyenes and to polyacetylene for very large portions of their
force fields. However, the pending problem is the determination of the CC stretching diag-
onal and off-diagonal force constants and, eventually, a few further coupling constants
between CC stretching and other internal coordinates.

IV. EXCITED STATES

Understanding the nature of the low-lying excited states of short polyenes has presented
a formidable challenge for both experimentalists and theoreticians'. Most of the discus-
sion has been focused on the relative ordering of the two lowest 2 1Ag and 1B, singlet
states. The excited 1'B, state can be described as a single excitation from the highest
occupied orbital (HOMO) to the lowest unoccupied orbital (LUMO). The 2 lAg state is

characterized by a large component of the HOMO,HOMO — LUMO,LUMO double
excitation.
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It is currently accepted that for long polyenes starting with octatetraene, the lowest
excited singlet state corresponds to the 2 1Ag state**. Because the X 1Ag -2 1Ag electronic
transition is dipole forbidden, the 2 'A, state is difficult to characterize experimentally.
The X lAg — 1B, electronic transition is dipole-allowed and it appears in the spectra as
a very intense band. This 1 'B, state undergoes very rapid internal conversion to the 2 lAg
state, which then decays to the X 'Ag state by fluorescence!. For the shorter polyenes,
butadiene and hexatriene, the lack of fluorescence suggested that the above mechanism
does not hold®. Because of that, the ordering of these two states in the shorter polyenes
has been a subject of great controversy for a long time. Recently, experimental results
have suggested that the 2 1Ag state lies below the 1B, state043

The two lowest triplet states are the 13B, and 1 %g states. The former is mainly
described by the HOMO — LUMO single excitation while the latter is a mixture of single
excitations of proper symmetry, i.e. HOMO—1 — LUMO and HOMO — LUMO + 1.

The determination of accurate relative excitation energies by ab initio methods has
been shown to present great difficulties and to require extensive calculations*®>0. First,
extended basis sets are needed to account for the diffuse character of some of the excited
states. Second, electron correlation effects have to be treated in a balanced way. Moreover,
while the most important correlation effects (nondynamic) are described by configurations
within the 7 space, inclusion of dynamic correlation effects is important to obtain quanti-
tative results for the excitation energies. Especially important is the dynamic polarization
of the o orbitals in the excited states which are dominated by ionic valence structures.
Finally, low-lying Rydberg states can interact with nearby valence excited states. Because
of the different correlation effects, the extent of this mixing is highly sensitive to the
theoretical method used.

Recent calculations using the multiconfiguration second-order perturbation (CASPT?2)
method have been shown to yield accurate excitation energies for a number of organic
molecules**3°. This method is based on the Complete Active Space Self-Consistent-Field
(CASSCF) procedure, which is used to calculate the molecular orbitals and the reference
wave function. This step accounts for the most important interactions such as the mixing
of nearly degenerate configurations, which is commonly found in excited states. In a sec-
ond step, the dynamical correlation effects are added using the second-order perturbation
theory. This method represents a very efficient alternative to the multireference configura-
tion interaction (MRCI) method which becomes impracticable for large molecules due to
the size of bottleneck inherent in this approach. The CASPT2 vertical excitation energies
to the low-lying valence excited states of butadiene, hexatriene and octatetraene are given
in Table 6. These values will be discussed in the next subsections.

A. Butadiene

Because butadiene is the smallest polyene, its low-lying electronic states have been
extensively studied theoretically*>31 =62, Most of the studies have been performed for the
most stable trans isomer.

It is now generally agreed that the first allowed transition in s-trans butadiene corre-
sponds to the X lAg — B, excitation, the experimental vertical excitation energy being
determined to be 5.92 V%394 There has been, however, some disagreement on the loca-
tion of the 2 1Ag state. That is, while Doering and McDiarmid suggested the vertical energy
to be 7.3 eV, the results of Chadwick and coworkers*’+#%, based on resonance Raman
spectroscopy, placed the 2 1Ag state 0.25 eV below the 1B, state. For the two lowest
triplet states, 1B, and 1 3Ag, the experimental vertical excitation energies are found to be
3.2 and 4.91 eV, respectively®.
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TABLE 6. CASPT2 vertical excitation energies (eV) for the low-lying excited
states of butadiene, hexatriene and octatetraene®

State trans-Butadiene” trans-Hexatriene? trans-Octatetraene

1By 6.23(5.92) 5.01(4.95) 4.42(4.41)

2 lAg 6.27 5.19(5.21) 4.38

1By 3.20(3.22) 2.55(2.61) 2.17(2.10)

1 3Ag 4.89(4.91) 4.12(4.11) 3.39(3.55)
cis-Butadiene? cis-Hexatriene?

1'B, 5.58(5.49) 5.00(4.92)

24, 6.04 5.04

1B, 2.81 2.57

13, 474 3.94

“Experimental values in parentheses.
bReference 49.
“Reference 30.
dReference 62.

Theoretical calculations have also shown discrepancies in the relative vertical excitation
energies of the two 2 lAg and 1B, singlet states. Early calculations! placed the 2 1Ag state
below the 1 B, state, while more recent theoretical studies show the reversed order when
the ground state X 'Ag geometry is used*’.

It can be observed in Table 6 that the CASPT2 method gives accurate vertical excitation
energies. In particular, it can be observed that the vertical transitions to the two lowest
triplet states are in excellent agreement with the experimental results. For the singlet states
of s-trans butadiene the CASPT2 method shows the largest errors for the states of By
symmetry, due to valence—Rydberg mixing*’. However, these errors are still smaller than
0.4 eV, which demonstrates the adequacy of the method. Other accurate calculations have
been performed for the vertical excitation energies of butadiene. In particular, Graham and
Freed®® have reported results for the excited states of trans-butadiene using an effective
valence Hamiltonian (EVSH) method, obtaining similar accuracy to that of the CASPT2
method.

Particularly interesting is the relative ordering of the 2 lAg and 1B, states. CASPT2
results indicate that both states are very close in energy with the 1B, state lying below
the 2 1Ag state. The CASPT2 energy difference between the two states is computed to be
0.04 eV, in good agreement with the EVSH results® which place the 1B, state 0.05 eV
below the 2 1Ag state. Because of valence—Rydberg mixing in the 1B, state, the error in
the computed excitation energy is expected to be larger for this state than for the 2 1Ag
state, which is clearly of valence character. Based on earlier experience, Serrano-Andrés
and coworkers estimate the vertical transition to the 2 1Ag state to be above the 1B, state
by around 0.3 eV¥.

The computed vertical excitation energies of cis-butadiene are shifted down compared
to those of s-trans-butadiene. The ordering of the lowest singlet states (1 1B, and 2 4)) is
equivalent to the one found in the trans isomer. That is, the 1 1B, state (1 B, for trans) lies
below the 2 4 state (2 1Ag for trans). However, the computed energy difference (0.46 eV)
in the cis isomer is larger than that of the trans structure (0.04 eV). It is interesting to
note that valence-Rydberg mixing in cis-butadiene is smaller than in trans-butadiene, and
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so the error in the excitation energy to the 1B, state is expected to be smaller than the
one corresponding to the equivalent 1'B, state.

The relative ordering of the two lowest singlet states is in contrast to the resonance
Raman scattering experiments*’-*8, which seem to indicate that the 2 1Ag state is 0.25 eV
below the 1B, state. However, it is not clear that the reported ordering corresponds to
the vertical excitation energies. Thus, this discrepancy might be attributed to the fact that
the 2 1Ag state is more sensitive to geometry relaxation than the 1B, state’>3+35. As a
consequence, the adiabatic excitation energies show the reversed order, the 24, state
being now more stable than the 1 1B, state.

Ab initio calculations on the geometry optimization of the 2 1Ag state of s-trans-butadiene
have shown that the Co, planar structure is not stable since it presents several imaginary
frequencies associated to out-of-plane vibrations. Three nonplanar structures are found to
be stable minima on the potential energy surface. The nonplanarity of this state makes the
out-of-plane vibrations effective accepting modes. This fact strongly increases the rate
of 2 1Ag — 1 1Ag internal conversion, which would explain the lack of fluorescence in

butadiene”®.

B. Hexatriene

Ab initio calculations for hexatriene are less numerous than for butadiene due to its
larger §ize9:92:62.66=71 However, CASPT? results for hexatriene*® have shown that the
study of this molecule present less difficulties than that of butadiene or ethene. This is due
to the fact that in hexatriene there is no significant mixing between valence and Rydberg
states. Thus, correlation effects are treated in a more balanced way and consequently the
vertical excitation energies are more accurate (Table 6).

Similarly to s-frans-butadiene, the 1B, state lies below the 21Ag state in trans-
hexatriene. The CASPT?2 vertical excitation energies of these two states are in excellent
agreement with the experimental results. The computed energy difference (0.2 eV)
between the 1'B, and 2 1Ag states is slightly smaller than the estimated value (0.3 eV)
for s-trans-butadiene*®39. In cis-hexatriene the lowest singlet state is also the 1 IBZ state,
although for this isomer the two singlet states are very close in energy®2.

The effect of geometrical relaxation on the relative excitation energies has been studied
by Cave and Davidson, who performed ab initio CI calculations using semiempirical
optimized geometries of the ground and excited states®?. Their results showed that the
21Ag state is again more affected by the geometrical changes than the 1B, state. As
a consequence, the adiabatic excitation energies show the reversed order, in agreement
with recent experimental results for cis-hexatriene which indicate that the 2 4, state lies
5270 cm~! below the 1'B, state®©.

CASSCF calculations for cis-5% and trans-hexatriene®” have also shown that the planar
structure in the 2 1Ag state is not stable, since it presents two imaginary frequencies. For
cis-hexatriene®®, the release of symmetry constraints leads to two stable minima, one
of C, symmetry and one of Cy symmetry, corresponding to out-of-plane deformations
of the terminal hydrogen atoms. These results are in agreement with the experimental
spectrum which could only be interpreted as arising from two non-planar configurations
in the 2 lAg state. However, the stabilization energy associated with the distortion from
planarity is small, thus indicating that this molecule is extremely flexible with respect to
the out-of-plane distortions. As in the case of butadiene, the non-planarity of hexatriene
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in the 2 1Ag state could account for the absence of fluorescence due to a strong increase
of radiationless decay to the ground state.

C. Octatetraene

Octatetraene is the shortest unsubstituted polyene that exhibits fluorescence. The
X 1Ag — 2 1Ag transition is clearly seen in one- and two-photon absorption spectra and
the 2 1Ag is unambiguously identified to be the lowest singlet state!.

Few ab initio studies have been performed for frans-octatetraene’*6772. All these
studies, except the more recent calculations at the CASPT2 level30, locate the 2 1Ag state
above the 1B, state. The CASPT2 vertical energies corresponding to both states are
very close and show the reverse ordering (Table 6). The computed vertical energy to the
2 1Ag state (4.38 eV) is somewhat larger than the value estimated from vertical absorption
(3.97 eV)* which confirms previous indications that this estimated value is too low®7-72,
The computed vertical energy to the dipole allowed 1B, state (4.42 eV) is in excellent
agreement with the experimental result (4.41 eV)3.

In addition to the CASPT2 vertical excitation energies, Serrano-Andrés and coworkers
also reported the adiabatic excitation energies and the fluorescence maxima at the same
level of calculation®. The geometries of the ground and low-lying 2 1Ag and 1B, states
have been obtained at the CASSCF level using a large basis set. Since both experiments
and theoretical calculations have indicated that the structure of octatetraene in these states
is planar, calculations were performed assuming a Cpp symmetry. Similarly to shorter
polyenes, the lengths of the double bonds in the excited states increase while those of
the single bonds decrease. The effect of geometry changes on the excitation energies
appears to be also more important for the 2 1Ag state than for the 1'B, one. That is, the
difference between the vertical (4.38 eV) and adiabatic energy (3.61 eV) for the 2 1Ag
state is 0.77 eV, while for the 1B, state the adiabatic excitation energy (4.35 eV) is only
0.07 eV less than the vertical (4.42 eV) one. These results are in good agreement with
experimental observations, which estimate an energy difference of 0.79 eV’? between the
0-0 transitions of the 2 1Ag and 1B, states. Also, the computed value of 2.95 eV for the
fluorescence maximum agrees very well with the experimental one, 3.1 eV74.

D. Longer Polyenes

Because highly accurate, correlated ab initio methods are still computationally very
expensive for large molecules, most of the theoretical studies on longer polyenes have
been performed using the Parriser—Parr—Pople (PPP) method or other semiempirical
methods*7~78. These studies have provided an important insight on the dependence
of vibrational, geometrical and excitation energy features with increasing length of the
polyene.

Similarly to shorter polyenes, calculations of the excited states of longer polyenes have
shown that the lengths of the double bonds increase upon excitation while those of the
single bonds decrease’>~78. However, these changes are not equally distributed along
the chain. Instead, they tend to localize in the central region of the molecule and are
more pronounced in the 2 1Ag state, for which calculations indicate a reversal of the bond
alternation pattern.

Calculations have also given a better understanding of the anomalous frequency increase
of the C=C stretch mode upon excitation to the 2 !4, state in polyenes!:¢7-78. By comparing
the calculated adiabatic and diabatic frequencies, this increase is explained in terms of
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the vibronic coupling between the 1 1Ag and 2 1Ag states. As the polyenes get longer, the
frequency of the C=C stretch mode decreases in the ground state and increases slightly
in the 2 1Ag state, due to the decrease of the X 1Ag—2 'Ag energy gap which leads to a more
effective vibronic coupling.

As has already been mentioned, the lowest singlet state has been unambiguously iden-
tified to be the 2 1Ag state for long polyenes, the energy difference between the 2 lAg
and 1B, states increasing with the length of the polyene. It has also been shown that the
longer the polyene, the smaller the excitation energy for the X 1Ag — 2 1Ag transition!, thus
explaining the observed decrease in the fluorescence quantum yield, due to the increase in
the rate of internal conversion. Therefore, the lack of fluorescence in the shorter polyenes,
butadiene and hexatriene, and in trans-polyacetylene, arise from different sources. That
is, while in the shorter polyenes the increase in the rate of radiationless decay is due to
the nonplanarity of the 2 1Ag state, in very long polyenes it is due to the small energy gap
between the X 1Ag and 2 1Ag states!-%.

V. MOLECULAR ELECTRIC PROPERTIES

Conjugated polyenes exhibit large linear and nonlinear optical properties due to the mobil-
ity of electrons in extended mr-orbital systems. Hence, this is another reason for the growing
interest shown in these molecules in recent years> 28,

Molecular electric properties give the response of a molecule to the presence of an
applied field E. Dynamic properties are defined for time-oscillating fields, whereas static
properties are obtained if the electric field is time-independent. The electronic contribution
to the response properties can be calculated using finite field calculations®®, which are
based upon the expansion of the energy in a Taylor series in powers of the field strength.
If the molecular properties are defined from Taylor series of the dipole moment u, the
linear response is given by the polarizability «, and the nonlinear terms of the series are
given by the nth-order hyperpolarizabilities (8 and y).

The various response tensors are identified as terms in these series and are calculated
using numerical derivatives of the energy. This method is easily implemented at any level
of theory. Analytic derivative methods have been implemented using self-consistent-field
(SCF) methods for «, B and y, using multiconfiguration SCF (MCSCF) methods for
B and using second-order perturbation theory (MP2) for »%°. The response properties
can also be determined in terms of ‘sum-over-states’ formulation, which is derived from
a perturbation theory treatment of the field operator —wFE, which in the static limit is
equivalent to the results obtained by SCF finite field or analytic derivative methods.

The static electronic dipole polarizability and second hyperpolarizability tensors have
been computed for a series of conjugated polyenes using the ab initio SCF method’®-88.
Results for polyenes from C4Hg to CooHp4 were reported by Hurst and coworkers” while
longer polyenes up to C44Hus have recently been reported by Kirtman and coworkers®®.
The basis set dependence was analyzed in the study of Hurst and coworkers, who showed
that for the shorter polyenes, such as C4Hg, extra diffuse functions and diffuse polarization
functions are important for describing the second hyperpolarizability. However, it was
also shown that as the length of the polyene increases, the size of the basis set becomes
less important. Therefore, the calculations up to C44Hye have been performed using the
split-valence 6-31G basis set38.

The computed 6-31G values for the longitudinal polarizability and longitudinal hyper-
polarizability per unit cell are given in Table 7. It can be observed that the longitudinal
polarizability and longitudinal hyperpolarizability increase with the chain length. How-
ever, the rate of variation of these magnitudes decreases with N, in such a way that o1 /N



16 V. Branchadell, M. Sodupe, A. Oliva and J. Bertrdn

TABLE 7. Static longitudinal polarizabilities o, (in a.u.) and longitu-
dinal hyperpolarizabilities y1, (in 10* a.u.) per unit for linear Cp,Hp, 42

polyenes

aL /N n/N aL /N /N
C4Hg 374 0.3 CoeHag 112.3 151.5
CeHg 47.3 1.8 CagHsg 115.6 171.4
CgHjo 57.2 54 C3pHzz 118.5 190.7
CioHi2 66.4 12.0 C3pHag 121.1 209.7
CipHyg 74.7 21.9 Cs4H36 123.3 226.5
C14Hig 82.2 35.2 C36Hsg 125.5 2434
Ci6Hig 88.9 51.3 CsgHyo 127.4 260.1
CigHapg 94.8 69.7 CyoHyp 129.2 273.5
CooHpp 100.0 89.4 CypHuy 130.8 287.9
CoyHoy 104.6 110.0 Cy4Hye 132.3 301.1
Ca4Hpg 108.7 130.9

“Reference 88.

and y1/N approach an asymptotic limit. The results for the finite polyenes are extrapolated
to predict the unit-cell longitudinal polarizability and longitudinal hyperpolarizability of
infinite polyacetylene. Kirtman and coworkers® using an improved extrapolation proce-
dure have predicted the asymptotic polyacetylene limit of o /N to be 166 a.u. & 3% and
of y/N to be 691 x 10* a.u. £5.6%.

The results reported in Table 7 correspond to the static electronic contribution to the
response properties. However, when a molecule is placed under the effect of an electric
field, not only the electronic cloud is modified but also the nuclei positions are changed
and the vibrational motion is perturbed® ~3. Thus, aside from the electronic response
to the applied field there is a vibrational contribution which arises from the relaxation
(deformation) of the nuclear frame upon the application of an external electric field, and
also from the change in the vibrational energy. Recently, Champagne and coworkers have
reported ab initio calculations on the vibrational polarizability of polyacetylene chains®’.
The results obtained show that the vibrational contribution to the polarizability is about
10% of the electronic contribution. The vibrational longitudinal polarizability per unit cell
increases with the chain length as does the corresponding electronic contribution until
saturation is reached, the extrapolated value being approximately one order of magnitude
smaller than the electronic one.

The experimental measures of these molecular electric properties involve oscillating
fields. Thus, the frequency-dependence effects should be considered when comparing
the experimental results’®. Currently, there are fewer calculations of the frequency-
dependent polarizabilities and hyperpolarizabilities than those of the static properties.
Recent advances have enabled one to study the frequency dispersion effects of polyatomic
molecules by ab initio methods®>**. In particular, the frequency-dependent polarizability
a and hyperpolarizability y of short polyenes have been computed by using the time-
dependent coupled perturbed Hartree—Fock method. The results obtained show that the
dispersion of « increases with the increase in the optical frequency®’?*. At a given
frequency, « and its relative dispersion increase with the chain length. Also, like «, the
hyperpolarizability y values increase with the chain length®'. While the electronic static
polarizability is smaller than the dynamic one, the vibrational contribution is smaller at
optical frequencies®”.

Further work on long polyenes, including vibrational distortion, frequency dispersion
effects and electron correlation, would be important for evaluating more accurate asymp-
totic longitudinal polarizabilities and hyperpolarizabilities.
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VI. CHEMICAL REACTIVITY

The dienes and polyenes are compounds which intervene in a large number of organic
reactions, as will be seen in different chapters of this book. Several excellent reviews have
been devoted to theoretical studies about their reactivity, with special emphasis on the
mechanism of pericyclic reactions®~>. As was mentioned in the introduction, this section
will only treat, as an example, the Diels—Alder reaction, since it has been the most studied
one by theoreticians. Our goal is not to cover all aspects, but instead to show the high
potential and usefulness of theoretical methods in order to interpret and rationalize the
experimental results. In the rest of the chapter we will concentrate on the last ab initio
calculations.

A. The Diels-Alder Reaction

The Diels-Alder reaction is among the most useful tools in organic chemistry. It has
been the object of a great number of theoretical studies® ~'3! dealing with almost every
one of the experimental aspects: reactivity, mechanism, selectivity, solvent effects, catal-
ysis and so on.

1. Reaction mechanism

The most simple Diels—Alder reaction, that between butadiene and ethylene, represented
schematically in Figure 3, has been extensively studied employing several methods of
calculation. The results obtained have initiated some controversy regarding the nature of
the reaction mechanism3~>%,

High-level ab initio calculations reported by Li and Houk®® show that two different
mechanisms can coexist: a one-step concerted mechanism and a two-step mechanism. In
the one-step mechanism the reaction takes place through a symmetrical transition state,
while in the two-step mechanism the reaction takes place through a biradical intermediate,
the rate-determining step being the formation of this intermediate. The proper descrip-
tion of biradical or biradicaloid structures requires the use of a MCSCF method. With
this kind of calculation the nondynamic electron correlation is taken into account. At the
CASSCF/6-31G* level of calculation the concerted mechanism is more favorable than
the two-step mechanism by only 1.9 kcal mol~!. However, the lack of dynamic corre-
lation leads to an overestimation of the stability of biradicaloid structures. When the
energies of the concerted transition state and of the transition state leading to the for-
mation of the biradical are recomputed at the QCISD(T) level (Quadratic CI with single
and double excitations with the perturbational inclusion of triple excitations), which is

FIGURE 3. Schematic representation of the transition state of the Diels—Alder reaction between
butadiene and ethylene
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supposed to describe properly all correlation effects, the difference between both mecha-
nisms rises to 10.2 kcal mol ™!, in favor of the concerted mechanism. At this point, it seems
clear that the reaction between butadiene and ethylene takes place through a concerted
mechanism.

In addition to conventional ab initio methods, techniques based on the density functional
theory (DFT) have also been used to study the Diels-Alder reaction between butadiene and
ethylene®” ~°. With these kinds of methods, a concerted mechanism through a symmetric
transition state is also predicted. Several kinds of density functionals have been used. The
simplest one is based on the Local Density Approach (LDA), in which all the potentials
depend only on the density. More sophisticated functionals include a dependence on the
gradient of the density, such as that of Becke, Lee, Yang and Parr (BLYP).

Table 8 presents the values of the length of the forming C—C bonds (R) at the con-
certed transition state, and of the potential energy barrier computed at several levels of
calculation, for the reaction between butadiene and ethylene. MP4, QCISD(T) and BLYP
yield reasonable energy barriers. LDA greatly underestimates the barrier, while CASSCF
overestimates it. This is due probably to an overestimation of the correlation energy at
the LDA level and to the lack of dynamic correlation at the CASSCF level. The value
of the bond length of the forming C—C bonds does not change very much with the level
of calculation. These results show that reliable energy barriers are only obtained with a
proper inclusion of dynamic electron correlation.

Reactions of unsymmetrical dienes and/or dienophiles have also been studied'®!-103:104,
For these reactions ab initio calculations predict concerted non-synchronous mechanisms.
The values of the potential energy barriers are very sensitive to the level of calculation
and reasonable values are only obtained when electron correlation is included up to the
MP3 level'%3.

The possibility of a biradical mechanism was suggested using the MNDO and AM1
semiempirical methods, for the addition of protoanemonin (5-methylene-2(5H )-furanone)
to butadiene'® and to several substituted dienes!%. Experimental evidence for this kind
of mechanism has recently been published'33. A biradical mechanism has also been
considered for the dimerization of butadiene®®. For this reaction, CASSCF calculations

TABLE 8. Values of the length (A) of the
forming C—C bonds (R) and of the energy
barrier (AE) (in kcal mol~!) for the con-
certed transition state of the butadiene +
ethylene reaction computed at several lev-
els of calculation?

R AE
MP2b 2.285 17.6
MP4> 22.1
CASSCF* 2.223 43.8
QCISD(T)* 25.5
LDA4 2.298 45
B-LYP¢ 2.294 213
exp’ 24.2-27.5

@A basis set of double-Z+polarization quality is
used in all cases.
Reference 131.
“Reference 96.
dReference 97.
¢Reference 98.
f Reference 132.
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predict the two-step mechanism as the most favorable by 1.3 kcalmol~!. The stability of
biradicaloid structures is probably overestimated at this level of calculation, but the size
of the system makes difficult the use of higher-level ab initio methods.

2. Selectivity

Diels—Alder reactions with unsymmetrical dienes and/or dienophiles can lead to the
formation of different isomers. One of the most interesting aspects in these systems
is stereoselectivity, observed in reactions involving cyclic dienes. In these cases, two
different stereoisomers can be formed: endo and exo.

Experimental observations show that in most of the cases the endo product is predom-
inant over the exo one. Theoretical calculations devoted to this topic'9107=110 4o not
always agree with the experimentally observed endo/exo selectivity. The discrepancy has
been attributed to effects of the medium in which real reactions take place, that are not
included in most theoretical calculations. Jorgensen and coworkers'?? have shown that the
computed endo/exo selectivity is dependent on the level of calculation. In this way, for
the reaction of methyl vinyl ketone with cyclopentadiene, calculations using small basis
sets predict the preferential formation of the exo product, while the endo one is shown
to be kinetically favored when larger basis sets are used. A similar dependence has been
observed by Ruiz-Lépez and coworkers!?” for the reaction between methyl acrylate and
cyclopentadiene, and by Sbai and coworkers'!? for the additions of chiral butenolides to
cyclopentadiene.

Very recent work!!! has shown that the predominant formation of the endo adduct in the
reaction between cyclopropene and isotopically substituted butadiene could be attributed
to an attractive interaction between a C—H bond of cyclopropene and the 7 bond being
formed in the diene moiety.

Other theoretical studies on the selectivity of Diels—Alder reaction refer to regioselecti-
vity 08112113 gite_selectivity !0 112114 and diastereofacial selectivity! %117, The latter is
presently the subject of much interest in recent years, since this kind of selectivity is
very important in the synthesis leading to manifold families of carbocyclic amino acids
and nucleosides. Earlier proposals by Cherest and Felkin''® and Anh and Eisenstein!!®
suggested that the controlling factor might be the interaction between the bonding orbital
being formed and the antibonding orbitals of adjacent bonds. These suggestions have been
criticized by Frenking and coworkers''8, Wong and Paddon-Row'!® and Wu, Houk and
coworkers!212! Dannenberg and colleagues!?® have shown, using an extension of FMO
theory, that diastereofacial selectivity is influenced by both steric and electronic factors in
a complex way. Recent ab initio calculations''?, using the 3-21G and 6-31G* basis sets,
of the Diels—Alder reaction between crotonolactone and S-angelica lactone have correctly
reproduced the experimental anti preference, the steric hindrance produced by the methyl
group of B-angelica lactone being in this case the controlling factor. The inclusion of
zero-point vibrational energies, thermal contributions to the energy and the entropy term
do not appreciably change the difference between syn and anti energy barriers.

3. Solvent effect and catalysis

Another aspect that has been theoretically studied'?%124129 is experimental evidence

that Diels—Alder reactions are quite sensitive to solvent effects in aqueous media. Several
models have been developed to account for the solvent in quantum chemical calculations.
They may be divided into two large classes: discrete models, where solvent molecules
are explicitly considered; and continuum models, where the solvent is represented by
its macroscopic magnitudes. Within the first group noteworthy is the Monte Carlo study
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of Jorgensen and coworkers'>*~120 of the reaction of cyclopentadiene with methyl vinyl
ketone. They find that the main factor which intervenes in the acceleration of this reaction
by the solvent is not the hydrophobic effect, but the influence of hydrogen bonding.
Although the number of hydrogen bonds to the carbonyl oxygen remains constant during
the process, the strength of each bond is 1-2 kcalmol~! greater at the transition state.
This interpretation through enhanced hydrogen bonding has been recently confirmed using
the supermolecule approach. On the other hand, Ruiz-Lépez and coworkers'?, using a
continuum model, have shown two other important aspects. First, the solvent increases the
asynchronicity of the process. Second, the endo/exo selectivity and the facial selectivity
increase with the polarity of the solvent.

Theoretical calculations have also permitted one to understand the simultaneous increase
of reactivity and selectivity in Lewis acid catalyzed Diels—Alder reactions'® =130, This
has been traditionally interpreted by frontier orbital considerations through the destabi-
lization of the dienophile’s LUMO and the increase in the asymmetry of molecular orbital
coefficients produced by the catalyst. Birney and Houk!?! have correctly reproduced, at
the RHF/3-21G level, the lowering of the energy barrier and the increase in the endo
selectivity for the reaction between acrolein and butadiene catalyzed by BH3. They have
shown that the catalytic effect leads to a more asynchronous mechanism, in which the
transition state structure presents a large zwitterionic character. Similar results have been
recently obtained, at several ab initio levels, for the reaction between sulfur dioxide and
isoprene!3.

As a final remark in this section, we expect that the results presented herein have
shown how theoretical methods allow us to obtain some insight into a great variety of
experimental facts, even in the complex case of chemical reactivity.

VIl. CONCLUDING REMARKS

All along this chapter, we have covered some of the most significant and recent contri-
butions of Quantum Chemistry to the study of dienes and polyenes.

We have shown that theoretical calculations are a complementary tool to experiment
in the comprehension of the behavior of such systems. In certain aspects, specially for
the smaller systems, quantum chemical calculations already provide sufficiently accurate
results. However, for larger molecules and time-dependent phenomena the results have
not yet achieved the same level of accuracy.

The enormous development of powerful computers and the implementation of new
theoretical methods continuously extends the field in which theory can provide results
with chemical accuracy. This fact allows us to foresee that in the near future the structure
and properties of dienes and polyenes will be more thoroughly understood.
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I. INTRODUCTION

The structural chemistry of dienes and polyenes is extremely diverse and intricate since
about 12% of all determined structures of organic compounds contain two or more double
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bonds. This topic must therefore be restricted to generalized systems which have com-
mon features. The structural features of some polyene groups, for example that of metal
complexes or of polyenes with heteroatoms directly linked to the double bonds, are so
divergent that it is difficult to present a unified view of the structures within such classes
of compounds. They are therefore not included in the present discussion.

Consequently, we had to confine ourselves to the groups outlined in the following, also
excluding neighboring double bonds (allenes) as well as those systems containing triple
bonds and aromatic systems even if there is a significant bond localization which converts,
for example, benzene to cyclohexatriene. Because in most cases the large molecules, such
as macrocycles, have the same structural characteristics in detail as the comparable smaller
molecules, these are also omitted in the following sections. Some of the small molecules,
however, display a variety of mutual influences in terms of different electronic and steric
effects, so these will be discussed in more detail as representatives of others which have
similar characteristics. For a series of molecules also the ab initio calculated geometries
are presented for comparison without claiming to be comprehensive. They demonstrate the
strength of present day computational methods even with basis sets and methods which can
be no longer considered as ‘high level’ calculations. In a few cases these comparisons also
display the deficiencies of the methods, calling for either more sophisticated techniques
or extended considerations of the models. Restrictions also do not allow one to discuss
the discrepancies in detail, as well as the methodological differences of the methods of
structure determinations.

Il. DIENES AND POLYENES
A. Linear and Branched Dienes and Polyenes
The linear polyenes are divided into the following three groups:

Nonconjugated acyclic dienes and polyenes.
Conjugated acyclic dienes and polyenes.
Sterically strained conjugated acyclic dienes and polyenes.

W=

1. Nonconjugated acyclic dienes and polyenes

Rotational isomerism normally complicates the study of gaseous nonconjugated dienes
and polyenes because many conformers appear simultaneously, and hence only few struc-
tures of free molecules in this category have been studied.

1,4-Pentadiene (1,4-PD) is the smallest diene with isolated double bonds. It is also the
simplest hydrocarbon molecule capable of ‘homoconjugation’, a condition that may occur
when two m-systems are separated by a single methylene group. The idea is that there may
exist considerable overlap of the w-orbitals across this group (for certain torsion angles),
and that this circumstance should facilitate some interesting chemistry, as for example the
di-r-methane photorearrangement!. The structure and conformations of 1,4-PD has been
studied by gas electron diffraction? (GED) as well as by microwave spectroscopy> (MW)
(see Table 1), and in both studies a mixture of conformers with Cy, C, and Cg symmetry
was observed. The most recent single-crystal diffraction X-ray data show 1,4-PD very
close to ideal C, symmetry* (see Figure 1). The C=C—C—C torsion angle is 117.1° (T,
mean value) and the central bond angle 112.2°, in good agreement with the calculated ab
initio values (see Table 1).

The fragment of 1,4-PD is also present in 1,1-divinylcyclopropane (DVC), where the
central methylene group is replaced by a three-membered ring. For this strained molecule
a strong interaction between cyclopropane Walsh and vinyl w-orbitals was expected. The
photoelectron spectra of DVC? could be best understood with the assumption of optimal
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TABLE 1. Structural parameters for 1-butene (1-BU) and nonconjugated acyclic dienes and polyenes
(distances in A, angles in degrees)

i o~ OC

(1-BU (1,4-PD) (1,5-HD) (TVM)
Symmetry Bl B2 Al A2 T14 Method?
1-BU Ci 1.336 1.499 125.6 111.65 119.9 GED®27
1.336 1.507 126.7 114.8 0.0) MW®S3S8
1,4-PD Cs 1.339 1.511 125.5 113.1 43 GED®D2
C» 1.339 1.511 125.5 108.9 122.2 GEDSD2
1.324 1.502 125.2 112.2 117.1 XRED4
1318 1.509 125.1 112.0 118.5 HF*
1.339 1.504 124.4 111.1 116.4  Mp2*
Cs 1318 1.509 125.1 112.4 122.6  HF*
DVC Ci 1.319 1.489 126.3 116.5 127.4 XRED9
1.3314 1.4834 125.64 —10.3¢
C 1.339 1.487 1252 116.2 116.3 MP2°
1.340¢ 1.484¢ 125.2¢ —10.44
1,5-HD ¢ 1.340 1.508 124.6 111.5 — GEDG®
TVM Cy 1.326 to 1.515 to 125.9 to 105.5 to — XRG4
1.328 1.526 126.7 111.8
C 1318 1.518 to 1272 106.0 to — HF*
1.530 111.1
S4 1.319 1.523 127.1 105.5 to — HF*
111.5
Dog 1317 1.538 126.0 1087t  90/180  HF*
109.9

“Torsion angle T1 is C=C—C—C.

PHF = RHF/6-31G(d), MP2 = MP2/6-31G(d). GED = gas electron diffraction, MW = microwave, XR =
single-crystal X-ray diffraction, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10, S3: >10.

¢ Averaged values for the conformers.

dVinyl group with anti conformation.

orbital interactions, which result from bisected syn conformations of both vinyl groups in
highest molecular symmetry C»,. In the crystal the molecule has asymmetric C; form,
where only one vinyl group interacts in terms of cyclopropyl conjugation (see Figure 2).
The cyclopropane bonds are affected by this interaction, where the vicinal bonds (C1—-C2,
C1—C3) are significantly elongated by 0.02 A (mean value) 1.515(1)/1.524(1) A com-
pared to the distal bond C2—C3 [1.499(1) A]. This observation is in agreement with the
electron donor properties of cyclopropane (see also Section II.C.1).

Ab initio calculations at the MP2/6-31G(d) level provide the same asymmetric confor-
mation found in the crystal as the global minimum structure, whereas one vinyl group is
nearly in anti bisected orientation to the ring and the other vinyl group is strongly twisted
into gauche conformation. The higher symmetric form in C;, where both vinyl groups
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C5
C3
Cc2

C4

Cl

FIGURE 1. Molecular structure of 1,4-pentadiene (1,4-PD); presentation with thermal probability plots
of 50%

are gauche orientated (see Cy form of 1,4-PD) is 3.3 kJ mol~! [MP2/6-31G(d)//MP2/6-
31G(d)] higher in energy than the C; form. The symmetric form of DVC in Cj, is
destabilized by 10.0 kJmol~!, mainly due to steric reasons with intramolecular H---H
repulsions involved, which occur between vinyl and ring H-atoms.

The next homolog, 1,5-hexadiene (1,5-HD), is of special chemical interest because the
molecule is capable of undergoing the so-called Cope rearrangement. A GED study of
1,5-HD was also recently reported®. Because of the increased conformational complexity
of this molecule compared to that of 1,4-PD, the structural details of the various con-
formers could not be resolved and only averaged structure parameters were determined
from the gas phase. Molecules in the solid state are frozen, mostly in only one confor-
mation, which may but must not represent the conformational ground state. Therefore,
conformational isomerization is usually not discussed with X-ray structures presented in
the literature.

In Table 1 the structure parameters obtained for the unconjugated dienes/polyenes are
compared with data for 1-butene (1-BU). There is nothing in the ground-state molecular
structure of either 1,4-PD or 1,5-HD that indicates the presence of interaction between
the two m-systems of the molecules. The structure parameters are very similar to those
observed for 1-BU by GED’ and by MW3. The bond lengths are approximately the
same in all three molecules, and the small differences between the C—C—C angles may
be attributed to differences in steric strain between an ethylenic group on one side and
a methylene, methyl group or a second ethylenic group, respectively, on the other. In
all conformers of the 1,4-PD, 1,5-HD and 1-BU molecules the C=C bonds approxi-
mately eclipse a methylene C—H (all molecules) or a C—C (1,4-PD; 1-BU) bond. Two
recent high-resolution X-ray crystal structures’, of 1,1-divinylcyclopropane (DVC) and
tetravinylmethane (TVM), both included in Table 1, show slight but significant differences
in distances and angles of the respective vinyl groups and are discussed below.
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1.1-Divinylcyclopropane (DVC)

FIGURE 2. Calculated high symmetry conformations (Cay, C2 and Daygq, S4, respectively) and exper-
imentally determined molecular structures of 1,1-divinylcyclopropane (DVC) and tetravinylmethane
(TVM) in Cy; presentation with thermal probability plots of 50%

Tetravinylmethane (TVM) is a very interesting compound with respect to its conforma-
tional and structural parameters. All the assumptions on the symmetry of TVM are based
on Dy and S4 conformations'®!'!. Surprisingly, none of these conformations is observed
in the crystalline state; instead, C; symmetry was found in an orthorhombic crystal lattice
(space group Pbca). If one of the vinyl groups (C3-C8-C9) is rotated by ca 150°, the
C; symmetry can be transferred to S4 symmetry (or vice versa). This is evident from
Figure 2 where DVC is also shown in the same projection which demonstrates that the
C symmetry is no coincidence of packing effects.

The calculation of the three conformations of TVM on ab initio level 6-31G(d)//6-
31G(d) (Hartree—Fock) showed that the S4 symmetric form represents an energetical
minimum but the C; form is only 1.51 kI mol~! higher in energy (local minimum, estab-
lished by frequency calculations). The Dyq symmetric form is 56.4 kImol~! higher in
energy than the S4 conformation and represents a transition state.

The small difference in energy between S4 and C; forms caused speculations as to
whether a second crystalline form might exist which has S4 symmetry. These assumptions
were fed by the fact that an X-ray powder diffractogram revealed another orthorhombic
lattice with half of the volume. This polymorphic form emerged when cooling below the
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melting point at ca 170 K and crystallizing with slower speeds in a capillary by means of a
miniature zone melting procedure. Further extensive experiments with the aim of growing
a single crystal of the second polymorph finally resulted in another surprise: the same
C symmetry was found for the molecules but now existing in an acentric crystal lattice
(P212121). This means that in the first lattice two racemic molecules with C; and C ’1
symmetry crystallize together; in the second lattice all molecules are identical. During the
nucleation process only C; forms started to crystallize together, either for the whole bulk
and the other material converted to this form, or racemic twins, probably in domains,
remained undetected. It seems that the interconversion from C; to C} is energetically
rather likely. The change from S4 symmetry to C; can be carried out by rotation of each
of the four vinyl groups. Therefore, statistically more of the C{ symmetric molecules exist
in the melt than those with S4 symmetry and, although the latter represents the energetic
minimum, it more probably crystallizes in the less stable C| conformation for entropic
reasons. However, a more favorable crystal packing of the C; form may overcome the
small energy difference between C; and S4. A transformation from Sy to Sﬁ1 is expected
via C and C but not via Dog. Figure 3 gives a rough survey of the energy relations of
the discussed conformations in Cy, S4 and Dogq.

The structural features of TVM in C are a result of complex interplay between through-
bond (hyperconjugation) and through-space interaction (homoconjugation). While all four
independent double-bond lengths are nearly equivalent [1.332(1)-1.335(1) A], the single
bonds show significant differences [1.515(1)-1.526(1) A]. This observation is correlated
with the degree of hyperconjugation of the 0(C—C) single bond and the surrounding 7-
systems. For all single bonds the orientation of the m-orbital axis of the remaining three
vinyl groups are different relative to the o(C—C) bonding orbital of the considered bond.

A
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7 d \\
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/// \
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/ \\
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E / . AB=564%) mol”’ 5\
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FIGURE 3. Conformational transformations of TVM and relative energies of calculated geometries in
D2d, S4 and C 1
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Homoconjugational interactions and nonbonding intramolecular contacts of the four m-
systems are responsible for the observed distribution of bond angles at the central atom,
which are also significantly inequivalent [105.1(1)° to 111.8(1)°].

2. Conjugated acyclic dienes and polyenes

When the m-systems of two or more double bonds overlap, as in conjugated dienes
and polyenes, the w-electrons will be delocalized. This has chemical consequences, which
implies that the range of possible chemical reactions is vastly extended over that of the
alkenes. Examples are various pericyclic reactions or charge transport in doped poly-
acetylenes. A detailed understanding of the electronic structure of polyenes is therefore of
utmost importance for development within this field. We will first discuss the structure of
dienes and polyenes based on theoretical studies. Thereafter the results from experimental
studies are presented and discussed.

The electron distribution in dienes and polyenes has been the subject of numerous
studies that encompass a wide range of experimental'2~ !4 and theoretical methods'> ™19,
and the CC bond alternation between double bonds of ca 1.34 A and single bonds of ca
1.46 A in these molecules has been clearly established. The extent of bond alternation in
long polyenes is central to the understanding of electronic interactions in w-systems. It has
been suggested?? that a chain-length increase will systematically increase the length of the
double bond and decrease the length of the single bond in such a way that the distinction
between single and double bonds vanishes for infinitely long polyenes. This would have
dramatic effects on the chemical properties, as polyacetylenes with equal carbon-carbon
bonds would have metallic properties'”.

A multiconfigurational self-consistent field (MCSCF) study by Villar and Dupuis!’,
including the conjugated polyenes C4Hg, CsHg, CgHjo and CjoHj2, showed, however,
that a correct description of bond alternacy in polyenes requires the inclusion of electron
correlation, and that even large polyene molecules will retain a structure with alternat-
ing short (double) and long (single) CC bonds, when electron correlation is properly
accounted for. Table 2 gives the optimized parameters for the four smallest conjugated
polyenes, as calculated by Villar and Dupuis, using the 7-CAS-MCSCF approach. The
RHF (Restricted Hartree—Fock) results for CjgHj,> are also shown in order to compare
the single bond/double bond alternacy obtained with and without the inclusion of electron
correlation. The results obtained using the CAS-MCSCF wave function show a decrease
in the single bond/double bond alternacy compared to the RHF results. The difference in
bond length between a double and a single bond from the 7-CAS-MCSCF calculations
is close to the experimental values for polyacetylene?!, where the observed difference is
0.08 A, in good agreement with the computed values at the MCSCF level for the central
unit of CjoHj».

TABLE 2. Geometrical parameters for 1,3-butadiene (C4Hg), 1,3,5-hexatriene
(CeHg), 1,3,5,7-octatetraene (CgHjp) and 1,3,5,7,9-decapentaene (CjoHj2) from m-
CAS-MCSCF calculations with 6-31G basis set!”

Distance (A) C4H6 C6H8 CgH]o C]()H]z C]()lea
c'=c? 1.349 1.350 1.351 1.350 (1.329)
-3 1.463 1.459 1.457 1.458 (1.459)
c3=c* 1.356 1.357 1.357 (1.336)
-3 1.454 1.452 (1.453)
Cco=C° 1.359 (1.337)

9RHF/6-31G(d).
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Villar and Dupuis explain the decrease in bond alternacy, when electron correlation is
included, in terms of occupation numbers of the highest occupied (HOMO) and lowest
unoccupied (LUMO) orbitals. The calculated HOMO occupation numbers decrease with
polyene chain length; for C4Hg, CsHg, CgCjg and CioHj, these are 1.869, 1.846, 1.828
and 1.815, while the corresponding LUMO occupation numbers increase: 0.135, 0.160,
0.179 and 0.193, respectively. For all these conjugated alternate hydrocarbons, the HOMO
and LUMO orbitals have opposite bonding properties for any two adjacent C atoms. An
increase in the occupation of the LUMOs will therefore result in an elongation of the
double bonds and a shortening of the single bonds.

The relationship between m-electron delocalization and the length of CC bonds was
originally described in 1939 by Schomaker and Pauling®?, and for a period of 20 years this
description was generally accepted. In 1959 Dewar and Schmeising discussed this theory
and claimed that the length of any C—C bond is determined by the state of hybridization
of the carbon atoms involved in the bonding?3. Together with ab initio calculations it is
now possible to carry out natural bond orbital (NBO) analyses2*, which produce — among
other quantities — the state of hybridization of all bonding orbitals.

In order to elucidate the possible effect from differences in hybridization states,
we have—for the purpose of writing this chapter —carried out NBO analyses for
MP2/6-31G(d,p) optimized structures? of some relevant molecules, using a CRAY Y-
MP supercomputer (Table 3). The orbitals of the C3=C* o-bond of the hexatrienes are
calculated to have higher % p-character than those of the C'=C? bond. Hybridization
differences appear therefore to offer an alternative explanation for the bonding pattern in
conjugated hydrocarbons. The hybridization of the orbitals constituting the single bonds
remain, however, practically the same for all carbons in the unsaturated compounds
presented in Table 2, while the C—C single bond lengths, according to the MCSCF
calculation, show variations of the same order of magnitude as the double bonds. An
explanation based on hybridization differences is therefore dubious.

The calculated hybridization of the carbon atom orbitals in the terminal C—H bonds of
the conjugated dienes/polyenes is generally equal to those calculated for ethylene (sp>27),
corresponding to 69.3% p-character. The angle between two such bonds (/H—C—H)
should accordingly be somewhat smaller than 120°, which is the optimum angle between
two sp? hybridized carbon orbitals. This is in agreement with experimentally determined
terminal H-C—H angles in dienes/polyenes. The p-character of carbon orbitals of
nonterminal C—H bonds is generally calculated to be larger than those of the terminal
C—H bonds, in agreement with the general observation that the C=C(H)—C angle (in
1,3-butadiene >124°) is normally larger than the terminal C=C—H angles. This implies

TABLE 3. Hybridizations of bonding orbitals for o-bonds from NBO (Natural Bond Orbital)
analyses based on MP2/6-31G(d,p) optimized structures

Molecule Ccl=c? c-C C3=c* C2—H*
Ethane sp?57-sp>57 sp*16.s
Ethylene spl.57_spl.57 Sp2.27_s
1,3-Butadiene” sp!35_gpl61 sp?02_sp2-02 sp249_g
trans-1,3,5-Hexatriene® sp!3-sp! ol sp200_gp!-96 spl-03-gpl-63 sp2lg
cis-1,3,5-Hexatriene? Sp1,55_5p1,63 sp2.0|_Sp|.99 Sp1.61_spl.ﬁl Sp2.48_S

“For hybridization of the C—H orbitals in the other C—H bonds, see footnotes b, ¢ and d,
bcl (cis):sp2'26; Cl(trans):spz'31,

cCl(cis):sp225; Cl(trans):sp?31; C3: sp2-53,

‘iCl(cis):spz'zsg Cl(rrans):sp2'32; c3: sp2'54
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smaller CCH angles, in agreement with the relatively large p-character of the C—H
carbon orbital.

We will now consider the experimental structure data available for acyclic conjugated
dienes and polyenes. Tables 4 and 5 list the most relevant structural data for 1,3-dienes
and for larger conjugated polyenes. The experimental data shown in Table 4 are generally
in agreement with the theoretical description of the bonding properties of 1,3-butadiene, as
described above; see Table 2. The X-ray data of 1,3-butadiene could give very accurate
geometry parameters® in good agreement with the GED investigation?®. The C=C—C
angles in 2-methyl-1,3-butadiene deviate considerably from those in the parent com-
pound. This is, however, reasonable when the need for space of the methyl group is
taken into consideration. The enlarged C=C—C angles in cis,cis-1,2,3,4-tetramethyl-1,3-
butadiene may be attributed to the same cause. In the similarly substituted molecule

TABLE 4. Structural parameters determined for acyclic 1,3-dienes (distances in A, angles in degrees)

B2A2

BLoONO~ Bl B2 Al A2 Method*
Al
1.349 1.467 124.4 124.4 GED?®
Yz
AN 1.335 1.456 123.9 123.9 XRED4
D = =
1.337 (1.467) 123.5 123.5 Mw30
D
)\/ 1.340 1.463 121.4 127.3 GED?!
NF
)W/ 1.349 1.491 122.0 122.0 GED?*
\)ﬁ/\ 1.350 1.473 126.6 126.6 GED?*
1.346 1.353 142.3 142.3 XR (8227
— —
1.349 1.458 131.1 131.1 XR(S1H28
Ph
Ph 34
\)\/\Ph 1.357 1.493 121.3 121.3 XR
Ph
Ph
Ph 35
= oA - 1.363 1.405 129.4 126.3 XR
Ph Ph

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10.
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TABLE 5. Structural parameters determined for acyclic conjugated polyenes (distances in A, angles
in degrees)

B2 A2

Bl a
W Bl B2 B3 Al A2 Method
1338 1451 1348 1240 1238 XRSH*

/W

1.337 1458 1368 121.7 1244 GEDY

)\/\/ 1.348 1.456 (1.348) 119.1 124.8 GED?Y’
= = =

1336 1462 1326 1221 1259 GED

Ph N
NN N Ny 1328 1433 1328 1247 1255 XR

1327 1451/ 1336 1253 125.1/ XR*
1.451 124.7

1.334 1442/ 1336 1229 1238/ XRY

Ph\/\/\/\/\
= = = = h 144 1235

t—BuW 1.337 1433/ 1341 1253 1252/ XR*¥
Z Z ) i 1.437 125.5

“In parentheses esd’s for bond lengths and angles in the last digit S1: 1-3.

cis,cis-1,2,3,4-tetraphenyl-1,3-butadiene the C=C—C angles are unusually small. This
might be explained by the spacial needs of the cis-substituted phenyl groups at each of
the C=C bonds. Totally unexpected was the result of an X-ray structure of 1,1,4,4-tetra-
tert-butyl-1,3-butadiene from 1994 which had amazingly large C=C—C angles and a too
short central single bond distance of 1.353 A%7. A redetermination by the same authors?®
reconciliated this unusual structure and a value of 1.458 A is quite in the range of the
other 1,3-butadienes. The substance taken for the structure determination was apparently
contaminated with a [3]cumulene and cocrystallized with the 1,3-butadiene; the overlap
and merge of the electron densities of both molecules lead to the wrong structure which
should be seen as a warning of the care needed if totally unexpected and contradictory
results are obtained.

The bonding pattern of the last molecule in Table 4 is rather different from that of
1,3-butadiene, a fact which is probably connected to the ethynyl substituent that allows a
further delocalization of the m-electrons in this molecule.

The amount of high precision experimental structural data on conjugated polyenes
is limited. Some structure results are presented in Table 5. In gas electron diffraction
studies it is difficult to determine closely spaced bond distances accurately, because these
parameters are highly correlated with the corresponding vibrational amplitudes. Today it
is possible to calculate the vibrational amplitudes accurately, if the vibrational frequencies
are known. This was, however, not the case when the GED studies presented in Table 5
were carried out. The observed differences between the terminal and central C=C bonds
in the GED studies of trans-1,3,5-hexatriene and cis-1,3,5-hexatriene are probably too
largezg. A very accurate X-ray study of trans-1,3,5-hexatriene has, however, been carried
out also in connection with the preparation of this chapter*. Figure 4 shows the molecular
structures of trans-1,3-butadiene and trans-1,3,5-hexatriene as found in the crystal lattice.
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1.3-Butadiene 1,3.5-Hexatriene

FIGURE 4. Molecular structures of 1,3-butadiene and trans-1,3,5-hexatriene; presentation with thermal
probability plots of 50%

In this study a C=C bond length difference of 0.010 A is determined, compared with the
theoretically calculated difference of 0.006 A; see Table 2!7. The single-bond double-bond
alternation and the C=C—C valence angles are also quite similar in the two studies.

3. Sterically strained linear conjugated dienes and polyenes

Steric strain in conjugated dienes and polyenes generally occurs when the molecules
are substituted with spacious groups. Among the di-fert-butyl-substituted 1,3-butadienes,
the 1,1-substituted isomer is the sterically most heavily strained*> example. This type of
strain is, however, analogous to the strain present in similarly 1,1-disubstituted 1-alkenes
and is therefore not connected to the special properties of the diene system. We will limit
our discussion on this subject to dienes and polyenes that are sterically strained in a way
that influences the delocalized 7-system. We have therefore selected dienes/polyenes with
conformations deviating by more than 20° from the generally preferred anti orientation of
adjacent C=C bonds. Table 6 shows relevant structural data observed for such molecules.
These data indicate that dienes substituted with moderately large substituents, such as
methyl groups, in 1-cis and 3- (or 2- and 4-cis) positions are destabilized in anti con-
formation because the substituents will be 1,3 parallel oriented, resulting in substantial
nonbonded repulsion. For larger substituents, such as terz-butyl groups, one substituent in
2- (or 3-) position is sufficient to destabilize an anti conformation because of repulsions
between the substituent and the C* methylene group.

The minimum energy conformation of a conjugated diene will primarily depend on the
nonbonded steric interactions and on the interaction between the two -systems. Both these
effects will depend on the dihedral angle at the single bond connecting the two double
bonds. For dienes, in which the anti conformation becomes unfavorable because of steric
strain, the energy contribution of the w-system is analogous to that of the high-energy
form of 1,3-butadiene. There has been much discussion about whether the metastable
form of 1,3-butadiene has a planar syn or a nonplanar gauche conformation. Polarized
infrared spectra of the matrix isolated metastable isomer provide strong evidence for a
planar syn structure***3. All recent quantum chemical calculations*®, on the other hand,
find the gauche structure, characterized by a dihedral angle between 30° and 41°, to be
more stable than the planar syn form by about 4 kI mol~!, and the energy variation in
the torsional region 0—ca 65° is of a similar magnitude. The relation between nonbonded
repulsions and the dihedral angle will of course depend on the nature of the substituents.

The molecules in Table 6 may be divided into three groups based on their dihedral
angles. For most of these molecules the dihedral angle is close to 60°. In 2,3-di-ters-
butyl-1,3-butadiene (2,3-TB) the dihedral angle is close to 90°, corresponding to an
approximately perpendicular conformation, while the dihedral angle in 2-tert-butyl-1,3-
butadiene (2-TB) is determined to be 32.1°.
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TABLE 6. Structural parameters observed for sterically strained dienes and polyenes (distances in A,
angles in degrees)

Tl
7\
Bl _ BI A2 Bl B2 Al A2 T1 Method?
pPaNe
Al
%ﬁ) 1.349 1.479 123.5 123.5 66.7  GED®3#7
\)w) 1.359 1.460 120.6 123.3 657  GED®
% 1.349 (1.487)  125.0 125.0 60.0  GEDSD#
jl/ 1.345 1485 1217 1262 321  GED®2¥
= =
_ 1.346 1.543 118.3 1183  101.5  GED®»¥
=
1.326 1.506 119.1 119.1 96.6  XREDO
— — 1.345 1.463 123- — 58.0/  GED®2)5!
128 180
Ph Ph
Phi oA 1347 1493 1224-  — 593/ XR®
126.0 60.9
Ph Ph
Ph Ph
Ph
Ph 2 Ph  1.347° 1.462; 118.6- — 62.8/  XR%
N\ 7/ 1487 120.1 62.3
Ph
Ph Ph

%In parentheses esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10, S3: >10.
bAverage value.

All the molecules with dihedral angles close to 60° will experience some steric strain
also in conformations close to planar syn. It seems therefore reasonable that the minimum
energy conformation to a large extent is determined by the torsional potential connected
to the sp2-sp? single bond, as the torsional energy rises sharply for torsional angles
larger than ca 65° toward a maximum at around 120°#. The approximately perpendicular
minimum energy conformation of 2,3-TB must, however, be almost exclusively a result
of minimization of the van der Waals steric energy.
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When a 2-TB conformer has a C=C—C=C dihedral angle within the region +65°,
the steric repulsions involving the fert-butyl group and the C* methylene group will be
negligible, and the preferred conformation of the -system is therefore probably governed
by the same factors that are primarily responsible for the preferred conformation of the
high-energy conformer of 1,3-butadiene, namely the torsional potential at the C2—C? bond
and the nonbonded repulsions between the C' and C* methylene groups. The concentration
of the high-energy form of 1,3-butadiene is very small, and thus it is difficult to study
the structure of this conformer experimentally, while the analogous conformer of 2-TB is
present in 100%. The observed conformation for 2-TB therefore gives strong support to
the results obtained by the quantum chemical calculations for metastable 1,3-butadiene.

B. Monocyclic Dienes and Polyenes

In small and medium-sized monocyclic dienes the C=C double bonds are necessarily
cis connected to the adjacent ring atoms. For rings with at least ten carbon ring atoms trans
double bonds may be present, without causing high strain energy in the molecule. The
existing relevant structural data available for monocyclic dienes/polyenes are therefore
presented in two tables. In Table 7 molecular structures for molecules with a maximum
of eight ring atoms are shown, while Table 8 gives similar data for larger monocyclic
dienes and polyenes. We restrict our discussion to monocyclic dienes and polyenes with
no heteroatomic substituents. The available structural data for such molecules are rather
limited.

The smallest conceivable conjugated monocyclic diene is 1,3-cyclobutadiene. Several
complexes involving cyclobutadiene are known. The compound itself is unstable and has
not been studied by structural methods. It will therefore not be included in the present
discussion. 1,3-Cyclobutadiene has, however, been isolated in argon matrices, and it has
been established that the molecule has Do, symmetry>*. For the tetra-rert-butyl derivative
an envelope conformation (twist angle 7°) was found by X-ray methods>, however the
distances in the ring were obviously too similar for an antiaromatic system [1.464(3) and
1.483(3) A). A redetermination at even lower temperatures gave more reasonable results
(1.441 and 1.527 A)*® and a further analysis of the anisotropic parameters revealed that
some residual disorder is still responsible for some equilibration and distances of 1.34
and 1.60 A were assumed to be the correct ones”.

The next cyclic alkadiene, 1,3-cyclopentadiene, has been experimentally studied by
MW, GED and XR methods. The carbon skeleton is planar (Cy symmetry), and the small
C=C—C angles compared to those in 1,3-butadiene (124.3°) or cis-1-butene (126.4°)%8
do not seem to influence noticeably the lengths of the CC bonds, although other effects,
such as m-electron delocalization, might have an opposite effect. The apparently ‘nor-
mal’ structure parameters observed for 1,3-cyclopentadiene might therefore be a result of
different forces having opposite effects on the structure parameters.

In Table 7 the six-membered monocyclic dienes are represented by the conjugated 1,3-
cyclohexadiene and its isomer 1,4-cyclohexadiene. 1,3-Cyclohexadiene has a nonplanar
equilibrium conformation that is primarily influenced by three factors: m-electron inter-
action (optimal for a planar conformation); angle strain and torsion strain (both optimal
for a planar conformation). The reduced overlap between the two m-orbital systems is,
for the observed C=C—C=C angle of 18°, estimated at ca 10% and should therefore
not influence the conjugation stabilization drastically, compared to a conformation with
coplanar C=C bonds.

It is reasonable to assume that the 1,3-cyclohexadiene molecule is stabilized by its
conjugated m-system, relative to the nonconjugated 1,4-isomer. Existing experimental and
theoretical information about these two molecules indicate, however, that other forces, in



38 Jordi Benet-Buchholz, Roland Boese, Thomas Haumann and Marit Traetteberg

TABLE 7. Experimentally determined and calculated structure parameters for monocyclic dienes and
polyenes; maximum 8 ring atoms (distances in A, angles in degrees)

Bl B2 (B3) Al A2 T1? Method®
B3 1.340 1.469 109.3 109.4 0.0 GED?
1.342 1.465 109.3 109.3 0.0 MW
Bl 1.344 1.460 109.6 109.1 0.0 XRODA
B2 1.354 1.465 109.2 109.1 0.0 MP2c4
1.347 (1.511) 122.7 122.7 ~0 GED$2)61
@ 1.334 (1.496) 123.4 123.4 ~0 GED®De2
1.318 (1.468) 123.4 123.5 0.0 XREDE3
1.339 1.468 118.2 121.6 17.0 GED(82)64
@ 1.348 1.464 120.3 120.3 18.0 GED®D65
1.350 1.468 120.1 120.1 183 GED($3)6!
1.347 1.450 129.1 129.1 0.0 GED(82)66
1.345 1.470 128.5 125.0 0.0 MP2467
1.356 1.446 121.8 127.2 o 40.5%1¢ GED(52)68
B: 36.5¢
1.337/ 1.471" 121.4" 125.1h a: 52.6¢ XR%
1.357 B: 34.3¢
Ph Ph
© 1.340 1.514 130.6 130.6 ~0 GED®2)70
1.347 1.475/ 129.0 129.0 38.0 GED®27
(1.501)
1.340 1.476 126.1 126.1 a: 43.18 GED®D72
1.333 1.468 126.6 126.6 XREDT3

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10, S3: >10.

bC=C—C=C torsion angle.

“MP2/6-31G(d).

4IMP2/6-31G(d,p).

o is the angle between the C2c3¢4c® and clc2csce planes; B is the angle between the clcc? and clc2c3ct
planes.

Iel=C?-c3-c*: -86.5°, C-C—C—C: 63.8°, C3—C*-C>=C": 8.1°, C-C=C—C: 6.2°.

8“Bath tub’ angles.

hAverage value.
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addition to the m-electron distribution, contribute to the overall energies of the two isomers.
They do, for example, appear to have nearly equal enthalpies of formation’*. Skancke and
coworkers’® have recently performed ab initio calculations at different levels of theory for
a number of molecules, including the two cyclohexadienes. Optimized structures of the
two isomers at the HF/6-31G(d) level favored the 1,4- over the 1,3-isomer by 1.1 kJ mol .
Contrary to this, MP2/6-31G(d) and MP2/6-31G(d,p) optimizations found the 1,3-isomer
to have the lowest energy of the two, the differences being 1.2 kJmol~! and 0.1 kJmol~!,
respectively. At a still more advanced level of calculation, MP4dq/6-31G(d,p)//MP2/6-
31G(d,p), the 1,4-isomer was again calculated to be the more stable, by 1.1 KJmol~ !, If
a conclusion should be drawn from the partly conflicting information presented above,
it must be that the energies of the 1,3- and 1,4-cyclohexadiene molecules are nearly
the same.

We have already pointed to one effect that should contribute to lowering the relative
energy of 1,3-cyclohexadiene, namely the m-electron conjugation. If the energies of the
1,3- and 1.,4-cyclohexadiene molecules are approximately equal, this might imply that the
1,3-isomer is destabilized, or the 1,4-isomer stabilized, by other causes. The distribution
of torsion angles in the two molecules might give a possible explanation. In a planar 1,4-
cyclohexadiene molecule all C—C torsion angles correspond to potential energy minima
(although not generally the lowest ones). In the conjugated nonplanar 1,3-isomer none of
the torsion angles at the formal single bonds has a value corresponding to the expected
potential energy minima. The total effect from the torsions in the two isomers might
therefore destabilize the 1,3- relative to the 1,4-isomer by an energy amount comparable
to that of the additional m-electron stabilization in the conjugated 1,3-cyclohexadiene
molecule.

The next molecules to be discussed are the seven-membered monocyclic dienes and
polyenes. 1,3-Cycloheptadiene has been studied by GED (Table 7). The molecule has
also been studied by MW7°. This study did not include a complete structure determina-
tion, but it was concluded that the carbon skeleton is planar, except for the Co carbon,
corresponding to Cg symmetry. This is in agreement with the GED results. Ab initio
calculation at the MP2 level, utilizing the 6-31G(d,p) basis set, has recently been car-
ried out”’. Both the Cs and C, conformers of 1,3-cycloheptadiene were considered,
and the MP3/6-31G(d,p)//MP2/6-31G(d,p) calculations predict the Cs conformer to be
3.3 kImol~! lower in energy than the C; conformer. It was concluded that the calculated
Cs conformer at the MP2 level is in excellent agreement with the available MW and
GED data. The MP2 and MP3 energetics results allow, however, for the possibility of the
presence of a C conformer, as evidenced by NMR data’®. The experimental results do
not rule out the presence of small amounts of a C, conformer that is twisted about the
diene region.

On the basis of the NMR spectrum of 1,3,5-cycloheptatriene Doering and Coworkers”®
suggested in 1956 that the molecule has a pseudo-aromatic structure with a planar carbon
skeleton. The supposed aromatic structure is reflected in the commonly used name tropy-
lidene for this molecule. There is, however, no doubt that the l,3,5—cycloheptatriene68
molecule has a boat-shaped conformation with alternating double and single bonds. A
recent MP2/6-31G(d)//MP2/6-31G(d) calculation by Skancke’? gave almost identical bond
lengths and valence angles to those in the GED study; the ‘bath tub’ angles differed,
however, somewhat («, 27.7°; B8, 57.3°). The corresponding angles observed in the X-ray
study of 2,5—dimethyl—3,4—dipheny1—1,3,5—cycloheptatriene69 are, however, similar to those
observed by GED for the parent compound.

The final entries in Table 7 concern eight-membered monocyclic dienes and polyenes.
The unconjugated 1,5-cyclooctadiene was observed to have twist-boat conformation and
C, symmetry. In accordance with what is very often the case in GED studies of cyclic
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compounds, amounts less than about 10% could not be ruled out. The GED study is in
agreement with molecular mechanics calculations®?, which found the twist-boat form to
be lower in potential energy than the regular boat by 29 kImol~! and the chair lower by
17 kY mol~!. The twist-boat conformation adopted by the free molecules appears to be a
result of minimizing torsional strain and nonbonded repulsions.

The GED results obtained for 7,3-cyclooctadiene should be regarded with caution, as the
data in Table 7 refer to a 25-year-old study, where it was assumed that only one conformer
is present. The structure of 1,3-cyclooctadiene should therefore be reinvestigated.

The observed geometry of 1,3,5,7-cyclooctatetraene (COT) is strikingly similar in the
solid state and in the gas phase. The molecule is found to be boat-shaped with Dyg
symmetry. Single and double bonds are as expected for a nonplanar compound with
isolated double bonds and no significant w-orbital overlap. Addition of substituents results
in differences in the ring geometry, e.g. repulsion of the methyl groups in octamethyl-
COT causes significant flattening of the ring®'. The NMR spectrum of cyclooctatetraenyl
dianion is, however, in agreement with a planar aromatic eight-membered ring, with a
high degree of resonance stabilization in association with a closed shell of (4n + 2) n-
electrons for n = 282, As a dianionic ligand the COT skeleton is also planar and has
aromatic character’3,

Table 8 presents structures observed for monocyclic dienes and polyenes with rings
large enough to accommodate frans C=C double bonds. In a cyclodecadiene molecule
strain-free carbon skeletons can only be derived when two double bonds are diametrically
placed and have the same configuration (cis, cis or trans,trans). Cis,cis-Cyclodeca-
1,6-diene (1,6-CDD) may exist in twelve different conformations, and it is therefore
noteworthy that it almost exclusively prefers one of these, namely the one indicated in
Table 8. This conformer does not have the repulsive transannular HH interactions that
destabilize the corresponding saturated molecule in all conceivable conformers.

The all-cis-1,4,7,10-cyclodecatetraene (1,4,7,10-CDT) molecule is of special interest
as a tetrahomo-8m-system, when all four w-bonds are arranged in a way where maximum
interaction is guaranteed. This arrangement is realized in the crown conformation, which
is also the conformer observed in an X-ray study of the molecule. The mean C=C bond

TABLE 8. Experimentally determined structure parameters for monocyclic dienes and polyenes; min-
imum 10 ring atoms (distances in A, angles in degrees)

ATy

(1,6-CDD) _ (1,4,7,10-CDT) (14-ANN) (16-ANN) (18-ANN)
Bl B2 (B3) Al Method?
1,6-CDD 1.326 (1.506) 128.2 GED($2)84
1,4,7,10-CDT 1.324° (1.503)% 127.4° XR83
14-ANN 1.378% 1.378% XR(83)86
16-ANN 1.337° 1.454b XRY7
18-ANN 1.371-1.429 1.371-1.429 XR88

“In parentheses, esd’s for bond lengths and angles in the last digit S2: 3-10, S3: >10.
b Average value.
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lengths correspond approximately to those in planar 1,4-cyclohexadiene (see Table 7),
whereas the single bonds are somewhat longer. The distances between hydrogen atoms
pointing toward the center of the ring, ca 2.01 A, are clearly shorter than the sum of
the van der Waals radii of 2.4 A. As the molecule prefers a conformation in which all
the double bonds are coplanar, this is interpreted as an absence of homoantiaromatic
destabilization.

Results from X-ray studies of three annulenes are presented In Table 8. According to
Hiickel’s rule [14]annulene (14-ANN) and [18]annulene (18-ANN) should be aromatic
and most probably planar molecules, while [16]annulene (16-ANN), as a [4n]annulene,
should be antiaromatic. The [14]annulene molecule is nonplanar, with a structure that
approaches Cop symmetry. The cause of the nonplanarity is the steric overcrowding in
the center of the molecule. While the spread of the individual bond lengths implies possible
significant differences, there is no significant pattern to the values obtained.

The [16]annulene is nonplanar, with almost complete bond alternation. The single
bonds (1.454 A) are alternately frans and gauche, and the double bonds (1.337 A) cis
and trans. The average torsion angle at a gauche C—C bond is 41°. The molecule is
therefore relatively flat with S4 noncrystallographic symmetry, and the structure confirms
the lack of aromaticity in this [4n]annulene.

The investigation of [18]annulene is the oldest of the X-ray annulene studies reported,
and it was stated that the hydrogens have not been reliably located. The molecular structure
closely resembles that of coronene®®. This rules out the possibility of a structure with
alternate long and short C—C bonds. The observed spread of CC distances in [14]annulene
and in [18]annulene is ca 0.06 A, while that in [16]annulene is twice as large, ca 0.12 A.
The annulene molecules therefore have structures that are similar to what is expected on
the basis of Hiickel’s rule.

C. Polycyclic Dienes and Polyenes

The largest contribution and variety in the family of polyenes is to be found in the group
of bicyclic and polycyclic compounds. For this chapter we selected those compounds
which represent the most important prototypes of different kinds of interaction, namely
cyclopropyl-conjugation, spiroconjugation, hyperconjugation and homoconjugation.

1. Spiropolyenes

In respect to the similar chemical behavior of alkenes and cyclopropanes but different
MO and bonding situations, the determination of exact geometries of cyclopropyl-
conjugated hydrocarbons can supply important information. As reported in the literature,
the three-membered ring in a substituted cyclopropane derivative is rather sensitive to
bond length distortions caused by conjugation effects”. The electron-withdrawing effect
of a neighboring double bond leads to a lengthening of the vicinal bonds and a shortening
of the distal bond in the three-membered ring if the bisected conformation is fulfilled.
In small spirocyclic dienes the conformation is fixed in the bisected form where the best
orbital overlap can be achieved.

Table 9 shows the geometrical features of compounds, where strong cyclopropyl
conjugation takes place. In spiro[2.4]hepta-4,6-diene (SHD) this interaction has an
important contribution to the molecular dipole moment, 0.95 Debye measured by
microwave analysis®!. The structural influences are mainly taking place in the three-
membered ring, where a strong bond length splitting is observed for most of the
experimental and theoretical methods. However, the ED investigation could not distinguish
between the cyclopropane bonds. The same problem occurs in the gas-phase structure
determination of the dispiro compound (DSD1); unfortunately there are no further
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TABLE 9. Experimentally determined and calculated structure parameters for spiro[2.n]dienes (dis-
tances in A, angles in degrees)

L <D

(SHD) (DSD)) (DSD2) (DSOD)
Bl (B1") B2 B3 B4 Al A2 Method?
SHD 1.494 1.462 1.361 1.467 107.0 108.9 MwEDI
(1.546)
1.486 1.467 1.338 1.448 104.8 109.1 XROD9
(1.533)
1.510° 1.509 1.340 1.460 102.6 109.5 GEDG2%
1.484 1.473 1.360 1.460 105.7 109.0 Mp2°
(1.528)
DSD1 1.508> 1.518 1.345 1.459 117.4 121.6 GED52)92
DSD2 1.498 1.482 1.335 — 114.6 122.7 XRED?
(1.526)
1.496 1.479 1.354 — 114.6 122.7 MP2°
(1.521)
DSOD 1.492 1.518 1.318 — 90.1 89.9 XREDH3
(1.504)

@In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10. MP2 = MP2/6-31G(d).
"Mean values for cyclopropane bonds.

structural data available so far. The dispirodecadiene (DSD2) has been analyzed by X-ray
and ab initio methods; both results are in good agreement with respect to the different
models of investigation. The dispiro compound (DSOD) can be considered as a derivative
of [4]rotane. While the cyclobutane ring is square and planar in DSOD, additional strain
and rehybridization shortens the vicinal cyclopropane bond and the double bond.

Compounds with two perpendicular m-systems joined by a common spiro-atom
exhibit through-space spiroconjugation®*. One important representative of spiroconjugated
systems is spiro[4.4]nonatetraene (SN4)*>. The molecular structures of spiro[4.4]nona-
1,3,7-triene (SN3) and SN4 have been determined by X-ray diffraction in order to detect
the slight distortions expected by spiroconjugation. Comparison of bond lengths and angles
reveals a slight shortening of the double bonds and a small lengthening of the single
bonds connecting the spiro atom in SN4. The same effect is also found by ab initio
calculations at the Hartree—Fock level 6-31G(d), although to a minor extent®®. Table 10
shows the most important geometrical features of SN3 and SN4 together with the data of
spirotetraenedione (STD).

While SN4 and STD exhibit essentially Doy symmetry, SN3 has Cs symmetry with a
planar diene ring and an envelope-shaped cyclopentene ring. The maximum torsion in the
folded ring of SN3 is 20.2°. The spiro-connection of two five-membered ring systems leads
to some strain at the spiroatom (101.4° to 101.8° at A1 compared to 109.5° for tetrahedral
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TABLE 10. Experimentally determined and calculated structure parameters for spiro[4.n]polyenes
(distances in A, angles in degrees)

- T = 205°
Bl
0 o)
B3 B4
(SN4) (SN3) (STD)
Bl B2 B3 B4 Al A2 Method”
SN4 1.516 1.338 1.469 — 101.7 109.6 XR(S1D%
1.519 1.326 1.479 — 101.4 109.2 RHF/6-31G(d)%°
SN3 1.505 1.347 1.470 1.334 101.8 108.9 XR(E19%6
1.514 1.343
1.511 1.326 1.479 1.319 101.3 108.9 RHF/6-31G(d)%®
1.516 1.326
STD 1.497 1.323 1.451 1.227 111.7 121.2 XR (8297

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10.

environment). Derived from these data the structural effects of spiroconjugation seem to
be extremely small, since bond lengths and angles are in normal ranges.

2. Annulated cyclopolyenes

Two rings linked by sharing the same bond instead of the same atom lead to annulated
bicyclic or tricyclic compounds, the propellanes. In the case of poly-unsaturated molecules,
an interesting case is represented by the bicyclo[2.2.0] type. The parent compound Dewar
benzene (bicyclo[2.2.0]hexa-2,5-diene) (DEW) is the smallest bicyclic diene which is an
often discussed valence isomer of aromatic benzene C¢Hg. Unsubstituted DEW is a very
small and strained molecule which is prepared photochemically. It is the first valence bond
isomer of benzene ever isolated. The molecule is not planar; the interplanar angle of both
adjacent four-membered rings varies between 115° and 118° (see Table 11). In this but-
terfly shape the 7-systems are bent toward each other and can perform homoconjugation
as well as hyperconjugation.

Very obvious is the long central single bond B3 observed by all experimental methods
(1.57 to 1.63 A). The double bonds reveal pyramidalization®® (see Figure 5) which is
defined by the angle A3 and describes the out-of-plane deviation of the substituents (1.5°
to 2°). Hyperconjugational effects bias the sp>-sp> single bond lengths which appear
to be elongated. The effects of hyperconjugation and pyramidalization are illustrated in
Figure 5.

If cyclohexa-1,3-diene is annulated with a three-membered ring at the 5,6- single bond,
the norcaradiene system results. An opening of the cyclopropane ring at the common bond
is observed by thermal rearrangement yielding cycloheptatriene. In the case of bisnorcara-
diene (BNOR), which is a [4.4.1]propellane, the ring opening leads to an energetically
more favorable aromatic [10]annulene system. Substitution at the cyclopropane has an
essential influence on the [10]annulene =——= bisnorcaradiene equilibrium (Figure 6).

In contrast to the effect of m-systems in the cyclohexadiene systems, the introduction
of m-acceptor substituents at the cyclopropane unit shortens the central bond. In the case
of the cyano group, the influence of two substituents leads to a central bond B4 which
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TABLE 11. Experimentally determined structure parameters for bicyclo[2.2.0]dienes (distances in A,

angles in degrees)

(DEW)
Bl B2 B3 DI Al Method?
(B1”) (B2") (A2)

DEW R!'=R?2=R*=H 1.345 1.524 1.574 2595  (117.3)  GEDG»%
R'=R2=R3>=Me 1.352 1.523 1.629 (124.5)  GED®2100
R'=R?>=H 1.328 1.529 1.575 2.569 (114.9) XR(SDI01
R3 =CN (1.336) (1.531)

R'=R3*=H 1.346 1.531 1.594 95.1 XR!01

R? =y’ (115.9)
R'=R>*=H 1.311 1.521 1.565 94.8 XRED102
R? =cy’ (1.319)  (1.524) (116.6)

R'=R’=H 1316 1.533 1.572 117.7) XRED104
R? =y’

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10, S3: >10.

b cy = cyclic bridged.

@A)

®)
FIGURE 5. Hyperconjugation A (7-0(C—C)) and pyramidalization B of a C=C double bond

is even shorter than BS (Table 12). In this case the norcaradiene form C is stabilized.
A combination of a cyano and a methyl group has a weaker effect and, in the case of
two methyl groups, the central bond is almost cleaved (1.771 A and 1.827 A for two
independent molecules in the crystal lattice) and a significant equalization of the double
and single bonds occurs in the rest of the molecule (form B). If there is no substitution,
the bridged [10]annulene system A is observed with a distance of 2.235 A for the former
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FIGURE 6. Equilibrium of CH;-bridged [10]annulene A and bisnorcaradiene C

TABLE 12. Experimentally determined and calculated structure parameters for bisnorcaradienes and
annulated polyenes (distances in A, angles in degrees)

St

(BNOR) (DHN) (PRO)
Bl B2 B3 B4 B5 Al Method?
(TLY? (T2)

BNOR R! =R?=CN 1.450 1.343 1.475 1.539 1.569 58.8 XREDI0S
(151.0) 4.3)

R' =CN 1.444 1.342 1.472 1.640 1.527 63.9 XR(S1106
R2 = Me (145.7) (5.8)

R!' =R?=Me 1.419 1.335 1.458 1.771 1.508 71.8 XRE2107
(140.2) (7.9)

1.431 1.348 1.453 1.827 1.507 74.6 XR 2107
(139.9) (8.3)

R!'=R?=H 1.418 1.377 1405  2.235 1.486 97.6 XR(62)108
(139.3)  (15.9)

DHN R =Me 1.470 1.337 1.537 1.553 (55.2) (21.6) ~ XRS109
R = COOMe 1.481 1.345 1.540 1.557 (53.2) (20.5)  XRG2109
PRO 1457 1341 1.528 1.567 (40.5) 9.8) XREH0

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10, S3: >10.
bfor BNOR: T1 = torsion angle C=C—-C—-C.

central bond. The aromatic character of the CHj-bridged [10]annulene is weakened by
folding of the conjugated system (see T1 and T2). Higher-level ab initio calculations on the
MP2/6-31G(d) level could not predict a stable bisnorcaradiene form C as a minimum on
the potential energy surface. The electron-withdrawing effect of both -systems weakens
the central bond in such a way that the energetic barrier between both forms disappears
and the annulene structure is the only alternative. Table 12 shows geometrical parameters
of different substituted bisnorcaradienes and related molecules.

Substituted 9,10-dihydronaphthalenes (DHN) adopt essentially Co symmetry, whereas
the diene systems are strongly twisted (see torsion angles T1 and T2). The bond lengths are
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in normal ranges. [4.4.4]Propellahexaene (PRO) has a remarkable propeller-like shape,
close to D3 symmetry. The torsion angles in the annulated six-membered rings are smaller
than in the (DHN) structures. The central bond (1.567 A) is only slightly longer than the
normal value for sp>-sp> single bonds.

3. Bridged polyenes

Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene) (NOR) appears also as a strained olefinic
bicyclic molecule. The interplanar angle is smaller than in DEW with 113.9° to 115.1° (see
Table 11). The same homoconjugational and hyperconjugational effects can be observed in
NOR, whereas influences of homoconjugation mainly bias the electronic structure!!!-112
and hyperconjugation biases the geometrical properties. The additive hyperconjugational
interactions between - and 0(C—C)-systems have a significant elongational effect on the
single bonds (see Figure 5). The bond B2 is 0.024 A (mean value) longer than a normal
sp?—sp> C—C single bond and B3 is observed about 0.013 A (mean value) longer than
normal C—C bonds of this type (sp>-sp?).

Bicyclic olefins of the NOR type were often discussed in terms of high reactivity and
exo-selectivity in Diels-Alder reactions. A straightforward explanation for this effect can
be given by the observed pyramidalization of the double bond into the exo-region of the
unsaturated center (see Tables 13 and 14, angle A3). Another characteristic property of
the bicylic systems of the NOR type is related to the globular shape of the molecules'!3.
The nonpolarity and regular shape of molecules often lead to plastic phases'!'* and poly-
morphism. The investigation of the molecular structure in the plastic high-temperature
phase is not possible, caused by local disorder and inner rotation of the molecules. With
the special method of in sifu crystallization from solution using an IR laser beam'!? it
is possible to circumvent the plastic phases. A single crystal of NOR in the ordered
low-temperature phase could be achieved by this method; the X-ray data are given in
Table 13.

In 7-isopropylidene-norbornene (INOR1) hyperconjugation also has a significant influ-
ence on the geometrical parameters. All single bonds which interact with the m-systems

TABLE 13. Experimentally determined and calculated structure parameters for bicyclo[2.2.1]hepta-
2,5-diene (distances in A, angles in degrees)

Bl B2 B3 Al A2b Method®
(A3) (Ad)
NOR 1.337 1.536 1.555 107.2 114.4 XRED6
(~4.5) (92.5)
1.339 1.533 1.571 — — GED®DI7
(92.2)
1.336 1.530 1.557 107.1 — MwEDII8
91.9)
1.319 1.539 1.550 107.7 115.1 RHF/6-31G(d)'1¢
2.7 (92.3)
1.345 1.533 1.552 107.0 114.8 MP2/6-31G(d)' 16
3.7 (92.3)
“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3.

DFor the definition of A2 and A3, see Table 11.
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TABLE 14. Experimentally determined and calculated structure parameters for 7-substituted bicy-
clo[2.2.1]dienes and -polyenes (distances in A, angles in degrees)

\/BS \\H/ B5

|4

B4
A4()\B3
B2 [ \B2
BI Bl’
(INOR1) (INOR2) (SNOR)
Bl B2 B3 B4 Al A2b Method?
(B1") (B2") (B5) (A3)? (Ad)
INOR1 1.342 1.521 1.519 1.333 107.5 111.3 XRSD6
(1.553) (1.566) (~4.2) (96.0)
INOR2 1.337 1.538 1.533 1.330 107.6 114.5 XREDH6
(~1.9) (94.4)
1.320 1.539 1.533 1.318 107.3 115.3 RHF/6-31G(d)'1®
(1.7) (93.7)
1.346 1.533 1.533 1.339 107.1 115.2 MP2/6-31G(d)' 16
(2.4) (94.4)
SNOR 1.332 1.535 1.537 1.485 107.0 114.3 XRED6
(1.525) (~2.9) (93.7)
1.320 1.539 1.537 1.483 107.2 114.9 RHE/6-31G(d)'1®
(1.514) (2.3) (93.0)
1.346 1.533 1.537 1.489 107.0 114.9 MP2/6-31G(d)'16
(1.522) (3.1 (93.7)

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3.
bFor the definition of A2 and A3, see Table 11.

show longer bonds than usual. The six-membered ring is more puckered, with an inter-
planar angle of 111.3°, than in the cyclohexadiene system in NOR. The exocyclic double
bond B4 shortens the central single bonds B3 and widens the angle A4 by hybridization
effects and strain compared to NOR.

Strong homoconjugation effects are discussed for INOR2, where destabilizing
interactions of the norbornadiene system and the exocyclic m-system take place!'!. As
a consequence there is a slight tendency to achieve a bicycloaromatic state, in agree-
ment with the observed polarization of the exocyclic bond B4 (obtained from 'C-NMR
data'!?). Structural influences, caused by pure homoconjugation, are hard to detect. They
cannot be separated from the strong hyperconjugation effects, which again alter the
0(C—C) single bond system of INOR2. In SNOR the norbornadiene fragment is nearly
identical to that in INORZ2; here the spiro cyclopropane unit is part of the homoconju-
gated system'!®. Cyclopropyl homoconjugation in SNOR has a significant influence on
the rather sensitive (bent) bonds of the three-membered ring. In addition to the effects
of strain and hybridization, the vicinal bonds B4 are shortened and the distal bond BS is
elongated by electronic interactions with the m-systems. In contrast to cyclopropyl conju-
gation, this effect weakens the distal bond and the cyclopropyl group acts as an electron
acceptor rather than an electron donor.
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TABLE 15. Experimentally determined and calculated structure parameters for bicyclo[2.2.2]dienes
and -polyenes (distances in A, angles in degrees)

Rl
(BAR)
Bl B2 B3 DI Al Method®
(B1") (B2") B4
DBAR R!=H 1.339 1.521 1.553 113.5 GED®S2121
R!' =CN 1.325 1.512 1.559 2.444 111.8 XRSDI01
(1.346) (1.517)
BAR R!=H 1.335 1.538 112.9 GED®DI122
R' =CN 1.311 1.531 2.430 111.4 XREDI01
(1.334) (1.536)

@In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10.

For INOR1, INOR2 and SNOR a significant pyramidalization of the endocyclic double
bonds can be observed by all methods. The out-of-plane deviations appear to be around
1.9° to 3.1° (see Table 14).

Barrelene (BAR) is an interesting molecule with high symmetry (D3p) and three homo-
conjugated m-systems. The synthesis of the unsubstituted hydrocarbon BAR (which is
rather stable at room temperature) was first reported by Zimmermann and Paufler in
1960'20. The structural parameters of BAR (Table 15) show unusually long single bonds
B2 (1.512-1.538 A). In a direct comparison of bond B2 with dihydrogenated DBAR the
difference caused by hyperconjugation is about 0.018 A (Table 15), in good agreement
with the observations from the bicyclo[2.2.1]systems.

4. Polycyclic polyenes

One of the most interesting small polycyclic hydrocarbons is tricyclodecatriene, better
known as bullvalene (BUL). It can be considered as a 1,2,3-trivinylcyclopropane, where
the vinyl groups are linked by a common carbon (bridgehead) atom at each end. Under-
going Cope rearrangement, the molecule is able to transform a cyclopropyl atom into a
bridgehead atom, and the bridgehead atom with two adjacent atoms into cyclopropyl atoms
(see Figure 7). Several rapid rearrangements transfers each of the ten carbon atoms into
a bridgehead atom, leading to a constant change of the -bond positions in the molecule.

The molecular structure of the parent compound was investigated in the vapor and
in the solid phase using X-ray, XN and GED methods. The reported data are shown in
Table 16. In both phases a clear bond length separation could be detected with a local-
ized three-membered ring and its three adjacent double bonds. The symmetry-equivalent
cyclopropane bonds are rather long in C3,-symmetric BUL (1.533-1.542 A), which can
be explained by the common electron-withdrawing effect of the -systems in a syn-clinal
conformation. For comparison, the unaffected bonds in unsubstituted cyclopropane are
1.499 A in the crystal and 1.510 A in the gas phase. Therefore, the bond lengths in BUL
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FIGURE 7. Cope rearrangement of bullvalene (BUL) (n = 2) and semibullvalene (SEM) (n = 0)

TABLE 16. Experimentally determined structure parameters for small polycyclic polyenes (distances

in A, angles in degrees)
B3 Bl
B2 B4 R! @ R!
Bl 4
R3

(BUL) (SEM, SEM 1, SEM2)
Bl B2 B3 B4 Al A2 Method®?
(B1") (D1)

BUL 1.542 1.465  1.346 1.523 122.6 1263 GED®123

1.539 1452 1.319 1.508 124.1 1267 XR®DI#4
1.533 1473 1342 1.516 1237 1265  XNGDIZS

SEM R!=R?2=R3=H 1.600 1.531  1.350 1.531 1074  113.5 GED®I126

(1.530)

SEM1 R! =R} =H 1.577 1475 1375 1.524 111.0 111.8 XR'%
R?2 =CN (1.508) (2.349)

SEM2 R! =CN 1.835 1.402 1354 1.498 110.7 1112  XR®DI8
RZ=R3>=Me (1.487) (2.048)

“In parentheses, esd’s for bond lengths and angles in the last digit S1: 1-3, S2: 3-10.
bXN = neutron diffraction.

are mainly influenced by cyclopropyl conjugation, where the weakening of the cyclo-
propane bonds is very helpful in terms of ring opening and the rearrangement mechanism.

In the related molecule tricyclooctadiene, which is also described as semibullvalene
(SEM), one vinyl group has been replaced by a direct bond to the former bridgehead
atom (n = 0, see Figure 7). In SEM a very rapid Cope rearrangement also occurs,
but in this case only two tautomeric forms are available. The structure of SEM could be
investigated by GED; in the crystalline phase, however, only data of substituted derivatives
are known. In the unsubstituted molecule the cyclopropane bonds are significantly different
because of the interaction with both m-systems. In the case of bond B1, which is in the
vicinal position for both double bonds, the cyclopropyl conjugation lengthens this bond
to 1.600 A, whereas for the other bonds vicinal and distal effects essentially cancel out
each other (1.530 A). In the rest of the molecule the single and double bonds are well
localized and reveal normal values.
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FIGURE 8. Structures of triquinacene (1) and hexaquinacene (2) (distances in A, angles in degrees)

Substitution of a single hydrogen atom by an electron acceptor group can show a
very dramatic effect on the molecular structure of the SEM fragment. This is shown in
Table 16. A cyano group at the central cyclopropane atom leads to a strengthening of
bond B1; now the distal effect of the cyano group works in the opposite direction to
that of the double bonds. As a result, the SEM1 molecule is stabilized in its ground
state for this tautomeric form. Double substitution at the double bonds (SEM2) by cyano
groups has a destabilizing effect. The electron-withdrawing influence of the m-systems
is now stronger and weakens the cyclopropane bond B1. The rearrangement is pushed
forward by this substitution, leading to the same Cs symmetric molecule with substituents
at the same positions for both tautomeric forms. The structural data reveal a very long
ring bond B1 (1.835 A) and, on the other side of the molecule, a shorter distance (D1)
between the nonbonded atoms (2.048 A). The bishomoaromatic character of this structure
is also obvious by the other bond lengths of the molecule. The difference between the
double bond length and the adjacent single bond length is only 0.056 A. For this kind of
substitution, there is an essential contribution of tautomeric form B (Figure 7).

The structure of the C1oHjo hydrocarbon triquinacene (1), in which three multiply fused
rings build a cup-shaped geometry with p—m orbitals projected toward the center of the
concave face, was investigated by X-ray analysis. The C3,-symmetric hydrocarbon was
discussed in terms of strong through-space interaction of the w-systems (homoconjugation)
and homoaromatic character. The nonbonded distances of the almost-planar cyclopentene
rings are 2.533 A and are therefore too long for a - overlap which leads to peripheral
delocalization (see Figure 8). The bond distances for double and single bonds are quite
normal. The fusion of three additional five-membered rings leads to the Cj¢ hydrocarbon
hexaquinacene (2), which represents a large fragment of a closed cage-like dodecahe-
drane (CyoHpo). The central cyclopentane rings are planar within the experimental error,
but the cyclopentene rings are very slighty puckered outward. Analogous to 1, the hydro-
carbon 2 reveals C3, symmetry but with the p—z axes almost in the same plane. With
nonbonded distance (2.848 A) the magnitude of the p—p overlap integral is very small.
Again, no essential homoaromatic influence can be detected by any distortion of the
molecular geometry.

D. Alkylidenecycloalkanes and -alkenes

Exocyclic double bonds at cyclic systems, which contain cross-conjugated double
bonds, cannot be considered as a subgroup of radialenes and shall therefore be treated
separately, although many of the structural features are comparable. However, in these
systems the exocyclic and endocyclic double bonds are competing with each other as
sites for Diels—Alder reactions, cycloadditions and electrophilic attacks. The double bond
character of both, as measured by its distance, can provide some evidence for the selec-
tivities. If no strain and conjugation are expected, the double bonds should be comparable
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to those found in ethene [1.314(1) A XR!?° and 1.339(1) A, GED'3] or better in tetra-
methylethene [1.348(1) A, XRB! and 1.353(4) A GED'32]; the single bond distances are
1.507 A and 1.511 A. The H—C—H angle in ethene is 117.7°'? and 117.4(1)'3°; the
corresponding C—C—C angle in tetramethylethene is 112.1(1)°"3! and 112.2(5)°'32. For
isobutene, the GED values are in between these data: C=C 1.342(3), C—C 1.508(2) A
and C—C—C 115.8°132. Consequently, we expect for the exocyclic double bond at small
cycloalkanes, such as in the extreme of a three-membered ring, the highest influence
on the double bond distance. However, in methylenecyclopropane (MCPA) having an
innercyclic angle at the central carbon atom of about 60°133, this distance [1.316(1) A] is
almost unaffected compared to ethene (XR data), and even only slightly shortened if the
gas-phase structures are taken. Here, it should be taken into account that both structure
determinations deviate significantly. The same is found if the methylene double bonds of
the GED structures of MCPA and methylenecyclobutane are compared (Table 17).

This comparison demonstrates that the exocyclic double bond length is little affected
by the cyclic strain, which was also found for the radialenes; see Section II.LE. However,
significant deviations were found for conjugated systems, and the same holds for the linear
and branched dienes and polyenes.

The smallest member of the family of alkylidenecycloalkenes is the highly sensitive
methylenecyclopropene or triafulvalene (MCPE), which was expected to exhibit either
pseudoaromaticBG, nonaromatic'®’ or antiaromatic'3® character. From the microwave
spectrum of this compound only a 20% contribution of the zwitterionic state was
suggested'. Surprisingly, the exocyclic bond distance was determined to be 1.332 A,
which is the same as in methylenecyclopropane (MCPA) determined by GED but signifi-
cantly longer as determined by XR and MW. Because of the different electronic situation
in the benzocyclopropa- and naphthocyclopropa-annulated systems'33, these will not be
discussed further here although the exocyclic bond distances compare very well with those
mentioned above and are in the range of 1.329-1.347 A for a series of compounds'33.

1,2-Dimethylenecyclobutane, with the exocyclic double bonds as depicted in Table 18,
should be comparable with butadiene. The double bond distances are virtually the same

TABLE 17. Structural parameters of ethene derivatives and small ring methylene-
cycloalkanes (distances in A, angles in degrees)

Bl B2 B3 Al Method
1.314 — — 117.7 XR!%
1.339 — — 117.4 GED!30

B2

A@% 1.342 1.508 — 115.5 GED'32
1.348 1.507 — 112.1 XR13!
1.353 1.511 — 1122 GED!32

1316 1.460 1.526 63.0 XR!33
B3 [>= 1.322 1.457 1.542 63.9 Mw!34
1.332 1.457 1.542 GED!%
B3
<>: 1.331 1.517 1.565 GED!%




52 Jordi Benet-Buchholz, Roland Boese, Thomas Haumann and Marit Traetteberg

TABLE 18. Structure parameters for free alkylidenecycloalkenes and -alkanes (distances in A, angles
in degrees)

Bl B2 B3 B4 Method
B3 B2 g 1332 1441 1.323 — MwW!39
) 1332 1446 1.328 — MP2/6-31G(d)
R?Z R?
2/& )\ , R=R=H 1.335 1.488 1357 1516 GED'#
R B4 RT RIZR2 - b 1338 1480 1366 1.509 MP2/6-31G(d)
);k R'= -Bu 1340 1500 1.373 1.503¢ XR'#3
Rl B3 Rl R2 =Me
\ B4 /
\ / 1.343  1.530 1.575 1.486 GED/MW 140
B3
1.349 1470 1.355 1.476 Mw 44
B4E>: 1.349 1468 1.357 1.476 Mw145
1.349 1468 1.359 1.469 MP2/6-31G(d)">
1.347 1476 1.340 1.462 GED!46
B4 E>=< 1.354 1433 1.343 1.460 XR147
1.343 1439 1346 1.435 XR148

B4
<:>: MW spectrum consistent with planar ring  MW!'4°

@Torsion angle C=C—C=C = 57.4°.

(1.343'%0 and 1.349%%) and again the highest distortion is found in the sp>-sp® single bond
(1.486 and 1.467 A), which suffers the most from the ring strain and rehybridization.
A spirocyclic substituted'#! derivative, determined by X-ray methods, shows the same
features, 1.328'*! and 1.335 A* for the double bonds and 1.479'*! and 1.456 A* for the
single bond.

3,4-Dimethylenecyclobut-1-ene has shortened exocyclic double bonds (1.335 A!4%),
which compare well with those of MCPE as a result of cross-conjugation. The
difference between MCPA and MCPE for the exocyclic double bond, both determined
by GED methods (0.010 A), is the same as the difference between the ring-saturated
dimethylenecyclobutane and the ring-unsaturated dimethylenecyclobutene (0.008 A).
Because of an enhanced conjugation of the methylene rr-orbitals with the cyclic w-orbitals
in the dimethylenecyclobutene, the conjugation between both methylene groups is reduced,
leading to a longer distance in the bond between these groups (1.486 vs 1.516 A, see
Table 18). However, increased ring strain in the unsaturated ring has the same effect. For
a derivative, the 1,2-di-rert-butyl-3,4-diisopropylidenecyclobut-1-ene!43, this conjugation
is reduced due to a torsion of the ring system because of the bulky substituents, which
leads to almost equalized single bonds in the ring (see Table 18).

The parent fulvene, 5-methylene-1,3-cyclopentadiene, was the subject of numerous
calculations and conformational considerations. Both structures derived from microwave
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spectra'# 143 agree with the ab initio data”, the cross-conjugation from both sides reduces

the length of the exocyclic double bond which is even shorter than the endocyclic double
bonds. The consistency of two experimental and the ab initio data underline the reliability
of the assumption that the exocyclic double bond should be shorter than the endocyclic
ones. X-ray data from numerous derivatives, e.g. the 1,2,3,4,6-pentaphenylfulvene150 or
bicyclo[3.3.1]nonane-9-fulvene!’!, however, give a nonuniform picture of the difference
of the endocyclic and exocyclic bond distances. For the first mentioned, the exocyclic
bond is 0.012 A longer than the endocyclic double bond, and for the latter it is 0.008 A
shorter. Therefore these data are not considered for further discussion.

The GED data of isopropylidenecyclopentadiene or dimethylfulvene!4® deviate essen-
tially from those of the parent compound; the exocyclic double bond is 0.007 A longer
than the endocyclic double bond. In an old X-ray determination'*® it is 0.003 A shorter,
and a very recent and accurate X-ray structure'#? gives a 0.011 A longer distance, which
is consistent with the inductive effect of the two methyl groups. The greatest discrepancy
between the two X-ray determinations is found in the distal bond (0.025 A), which is
even shorter than the vicinal bond in the old crystal structure.

For the parent 6-methylene-1,4-cyclohexadiene a planar structure was found'*?; the
4,4’-dimethyl derivative, however, gave a dihedral angle of 8°152, which should diminish
slightly the cross-conjugation.

For the dimer, the bis(4,4-dimethyl-2,5-cyclohexadiene-1-ylidene), also referred to as
pentaene, a second ‘biphenyl case’ exists, however not such a dramatic one. Biphenyl
was found in the gas phase to be twisted by ca 42°!3 because of the repulsions of the
ortho-hydrogen atoms. In favor of the molecular packing in the solid, these repulsions
are overcome and a planar structure was found'*. This example was frequently taken as
a textbook example for the so-called ‘packing effects’ and considered as one of the most
prominent examples for differences of structures in the gas phase and in the solid state.
For pentaene, however, the central bond is even shorter than in biphenyl and therefore
the ortho-hydrogen atoms should be even closer in a planar configuration. A torsion
as in biphenyl is less likely, and therefore the structure as found in the gas phase!>?
in a ‘boat’ —or ‘chair’ — fashion-like conformation with dihedral angles of about 9° is
quite understandable. Semiempirical calculations confirm a chair-like structure'>® for the
complete molecule, but the solid-state X-ray investigation'*® gave an essentially coplanar
structure (slight ‘stepped’ form) with C; symmetry and slender ‘boat’-shaped phenyl rings
(maximum torsion angles in the rings, 5.1°). Consequently, the central bond distance is
longer than the double bonds in the rings (see Table 19).

p-Xylylene is very much related to the pentaecne and polymerizes easily to poly-p-
xylylene; the monomer should serve as a prototype for a biradical with the gain of
aromaticity for the ring as the driving force. Although good R-values are achieved, the
results from the GED experiments were claimed by the authors to be less reliable!®’,
endocyclic and exocyclic double bonds seem to be equal (1.381 A) and the ab initio
data reveal almost the same length (1.355, 1.358 A). However, the difference between
single and double bonds is much larger for the ab initio data (0.10 A) than for the
experiment (0.07 A), which means that the conjugation is much less than originally anti-
cipated from the experiment. This structure compares well with DSD2 (Table 9), which
has two spiroconnected cyclopropane rings instead of the exomethylene groups. There,
the experimental difference between the single and double bond is larger (0.147 A) than
the calculated difference (0.125 A).

4-Methylenecyclohex-1-ene (Table 19) is not planar and the MW data do not allow
any detailed discussion on the distances because of the conformational behavior,
which is consistent with a high barrier to ring conversion'”. No X-ray structures
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TABLE 19. Structure parameters for six-membered ring alkylidenecycloalkenes (distances in A)

Bl B2 B3 B4 Method®
B3
B4
B2
1.357 1.478 1.352 1.493 GED'?
Bl
1.381 1.451 — GED'Y7
1.381 1.355
1.358 1.458 — MP27
EE 1.356 1.458 1.357 1.484 MP27
B3

B4 B2 1.382 1.472 1.350 1.496 GED!%2
Q_Q 1.37 1.46 1.33 1.50 XR!56
Bl 1.374 1.462 1.327 1.499 XR158
MW spectrum consistent with higher Mw159
barrier to ring inversion

“MP2 = MP2/6-31G(d)

were found which provide more detailed information on the parent structure. For the
5,6-dimethylenecyclohexa-1,3-diene structure type (Table 19) no experimental data are
available which give some idea about the delocalization in the ring. The ab initio data
reveal a larger difference in bond distances (0.128 A), which means that the conjugation
in the ring should be even smaller than in the p-xylylene.

E. Radialenes

Radialenes are a class of compounds that have only relatively recently been synthesized
and described'%0~ 192 They may also be described as all-exo-methylene-cycloalkanes, and
the first four members of this group of molecules, which we for the convenience of the
reader, will refer to by the number of ring atoms, are presented in Figure 9.

Z N

(©)] @ ® ©)
FIGURE 9. Structures of radialenes
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Numerous heteroradialenes, in which the exo-methylene groups are replaced by oxy-
gen, nitrogen or sulfur atoms, have also been synthesized and studied because of their
interesting electrical and magnetic properties. Heteroradialenes are, however, not included
in this review.

Two questions related to the structure of radialenes are of special interest:

1. What kind of interaction exists between the w-electrons of the exocyclic C=C bonds?
2.  Which factors determine the conformation of the radialene rings?

The radialene double bonds in a planar radialene ring will have overlapping r-orbitals,
and it is reasonable to assume that the m-electrons in such a case will be delocalized and
that this will have some influence on the lengths of the C—C and C=C bonds. Among
the parent 3-6 radialene molecules 5 is not known, and so far only the planar molecule 3
has been the subject of an experimental structure investigation. It is therefore at present
not possible to obtain experimental evidence about the structure and conformation of the
parent 4, 5 and 6 radialenes. For all these hydrocarbons a number of substituted species
are known and have been studied (see below), but as the substituents result in increased
nonbonded repulsions between the enlarged exocyclic groups, the preferred conformations
of these species will probably differ from those of the parent compounds. In order to gain
insight into the conformations of the parent radialene rings, one is therefore limited to
information available from theoretical calculations. We have carried out MP2/6-31G(d,p)
calculations with full geometry optimization for the parent radialene molecules 3, 4, 5
and 6, and some of the results are shown in Table 20.

According to these calculations the minimum energy conformations of [3]- and [4]radi-
alenes are planar, that of 5 is nearly planar, while the minimum energy conformer of 6 is a
chair, which is flattened compared to that of cyclohexane (ring dihedral angles: 40.48°, vs
54°). Tt is reasonable to assume that coplanar structures might be advantageous for radi-
alenes, if the total -system of a ring is considered separately. The nonbonded repulsions
involving hydrogen atoms of adjacent methylene groups will, however, be substantial for
planar conformers of rings larger than 5. The H---H distance for planar [6]radialene is,
for example, estimated to be approximately 1.7 A. The effect of nonbonded repulsions
is illustrated by the calculated H---H distances presented in Table 20. In 3 this distance
(3.8 A) is so large that negligible interaction will occur. Also, in planar 4 this distance is

TABLE 20. Structure parameters obtained from MP2/6-31G(d,p) calculations (distances in A, angles
in degrees). Some similarly calculated data for 1,3-butadiene are shown for comparison

3 4 5¢ 5/ 6 1,3-Butadiene
C—Ciing 1.4448 1.4925 1.4848 1.4834 1.4829 1.4569
C=C 1.3387 1.3408 1.3456 1.3453 1.3456 1.3431
C—-H 1.0813 1.0817 1.0810 1.0812" 1.0812 1.083"
[C=C—H 121.04 121.26 121.59 121.53 120.97 121.45"
H--H* 3.808 2.875 2.241 2.3450¢ 2.805
C—C—C—Ciing 0.0 0.0 0.0 (Ass.) 12.06¢ 40.48
Bond bending? 27.8 14.0 5.6 1.3
EP —231.35543 —308.55248 —385.74467 —385.74552 —462.90302

“Distance between nearest hydrogens in adjacent methylene groups.

b Total energies in Hartrees.

¢ Average value of 2.295; 2.295; 2.364; 2.406; 2.364[A].

dAverage absolute value of —5.75; 15.08; —18.64; 15.08; —5.75 (deg).
¢Planar conformer.

f Twist-envelope conformer.

8Deviation between orbital direction and line of nuclear centers in the ring.
hAverage value.
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clearly larger than the sum of the Van der Waals radii of the two hydrogen atoms. The
latter quantity is an ill-defined quantity that may be derived in a number of ways, and
the results are not always consistent. We will here use Pauling’s Van der Waals radius
for hydrogen, 1.20 A3, For a planar conformer of 5 the calculated shortest H---H dis-
tance, 2.24 A, is somewhat smaller than the sum of the Van der Waals radii, while these
distances are only slightly smaller than this value in the minimum energy twist-envelope
conformer. A reasonable interpretation of these data is that a planar ring is preferred by the
[S]radialene w-system, but since this conformation implies a certain degree of nonbonded
repulsion between hydrogens on adjacent methylene groups, the total minimum energy
conformation is achieved for a conformer based on a compromise between maximum
m-orbital overlap and minimum nonbonded repulsion. The calculated energy is thereby
reduced by ca 2.1 kJ mol~!, relative to a planar 5 conformer.

The reason for the minimum energy conformer of 6 cannot be as simple as that proposed
for 5, as the former is far more puckered than what is necessary for minimizing the H---H
nonbonded repulsions. Valence angle strain is another factor that might be important in
this case. The similarity to the chair conformer of cyclohexane is striking, although the
calculated [6]radialene conformation is less puckered.

The calculated difference between single and double CC bond lengths (3, 0.106 A; 4,
0.152 A; 5,0.139 A; 6, 0.137 A) is, with the exception of 3, larger for the radialenes than
for 1,3-butadiene (0.113 A). This might indicate that the w-electron delocalization in the
radialenes is reduced compared to that in 1,3-butadiene. An alternative explanation for
the calculated bond length differences could be attributed to the deviations between the
carbon orbital directions in the ring C—C bonds and the line connecting two neighboring
ring carbon atoms in the radialenes (Table 20). The CC orbital overlap in a ring will
be reduced proportionally to the magnitude of such deviations, resulting in increased
C—C ring bond lengths. The electronic structure of 3 is sufficiently different from that
of 1,3-butadiene to render a comparison between the structures of these two molecules
meaningless.

Relatively few structural studies of radialenes have been carried out, and most of these
are X-ray crystallographic studies. The first structure study of a radialene was, however,
a gas electron diffraction study of 3 that appeared in 1968!%*. The molecule was found
to be planar with D3, symmetry, in agreement with information from IR and Raman
spectroscopic measurements'®>. To the best of our knowledge only two structures of
substituted [3]radialene have been reported since then. In both molecules all six hydrogens
are equally substituted: in one case with methyl groups'®® (7) and in the other with
trimethylsilylethynyl groups'®’ (8); see Figure 10. In hexamethyl[3]radialene (7) the D3y,

R R
\‘/
TR%A .

7 \"
// \\ R = SiMe;

R R
@ @®)
FIGURE 10. Structures of substituted [3]radialenes
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symmetry of the parent system is not noticeably perturbed, while the deviation from this
ideal symmetry is larger in the trimethylsilylethynyl (8) derivative, presumably because
of crystal packing effects. The lengths of the C—C bonds in the ring are: 3, 1.453(20) A;
7,1.451(11) A and 8, 1.420(5)-1.431(3) A. It therefore appears that the C—C bond in the
hexakis(trimethylsilylethynyl) derivative is smaller than in the parent molecule. However,
this cannot be stated with certainty, as the two structures have been obtained with different
methods and because the GED results'® have rather large error limits. The exocyclic
double bonds of the three studies are: 3, 1.343(20) A; 7, 1.331(1) A; 8, 1.350(4) A,
1.355(4) A, 1.358(3) A. The exocyclic CC double bonds in 8 appear to be significantly
longer than in 7. This is, however, not surprising, as the exocyclic double bonds in 8
are cross-conjugated with the ethynyl substituents. The experimental results available for
[3]radialenes are in good agreement with the calculated results for the parent compound
(Table 20).

Considerably more structure data are available for [4]radialenes than for their smaller
homologs!®~177 The structure of the parent molecule 4 has not been determined yet,
but its vibrational spectrum is in agreement with a planar molecule of D4y, symmetry!’8.
Most [4]radialene structures are, however, found to be puckered: 9, 22.1°168: 10, 26.5°172;
11, 19.2°173; 12, 34.7°174_ These include, for example the molecules shown in Figure 11.

The nonplanarity of these [4]radialene molecules is obviously caused by nonbonded
repulsions between the substituents on the methylene groups. On the other hand, the
three [4]radialenes in Figure 12 are observed to have planar radialene systems 13'%%,
14170’ 15166.

These molecules also have large substituents, and it might seem surprising that the
radialene rings avoid puckered conformations in these species. The nonbonded repulsions
are, however, reduced in these molecules because of external ring closures (13) or because
two of the exocylic CC double bonds involve cumulated double bond systems (14 and

Me Me Cl Cl
<l. 33 <1.328>
5()6> Me Cl <1430> (
: Cl Cl
Me Me Cl Cl
) 10)
Ph H Ph Ph
<L35;{r <1.347
Ph <1492> pp Ph <1504> pp
Ph JL: Ph Ph Ph
Ph Ph Ph Ph
1 (12)

FIGURE 11. Structures of substituted puckered [4]radialenes (distances in A)
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FIGURE 12. Structures of substituted planar [4]radialenes (distances in A)

15), where the ‘substituents’ are pointing away from the adjacent methylene groups.
Based on the available experimental information for [4]radialenes and the theoretically
derived structure for 4, one might therefore conclude that the preferred conformation for
[4]radialene is planar, and that the ring is easily distorted by substitution due to nonbonded
repulsions.

The parent [S]radialene (5) has so far evaded preparation. The decamethyl deriva-
tive is, however, known, and this molecule is found to have a half-chair conformation,
with approximately C, symmetry'’®. There are, however, observations indicating that
[S]radialene is a more interesting structural system than these meager data suggest. A
[S]radialene-type bonding pattern is, for example, present in the newly discovered Cep
molecule (buckminsterfullerene). A PM3 computational and experimental study of the
[6,6]-closed (16a) and [6,5]-open (17a) methanofullerenes'8® demonstrated that the elec-
tronic basis for the experimentally preferred formation of 16a and 17a over the [6,6]-open
(16b) and [6,5]-closed (17b) isomers of methanofullerenes (see Figure 13) is the preser-
vation of the [S]radialene-type bonding pattern by these two structures.

The [6]radialenes are normally observed to have chair conformations
although a twist-boat conformation has been observed for a very highly substituted
[6]radialene molecule!®3. A planar [6]radialene system has also been observed for
thiophene-annulated cyclohexane 18'8* and 19'%% (Figure 14).

The latter two molecules are, however, special cases, where forces other than
those inherent in the [6]radialene system are determining the preferred conformation.
Hexakis(ethylidene)cyclohexane is the only radialene molecule where structure results
obtained in the solid state'®!, as well as in the gas phase!?, are available for comparison
(Table 21).

164,168,181,182
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FIGURE 13. Structures of methanofullerenes: [6,6]-closed (16a), [6,6]-open (16b), [6,5]-closed (17b)
and [6,5]-open (17a)
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(18) 19

FIGURE 14. Substituted [6]radialene (planar)

The molecule is found to be somewhat less puckered in the solid state than in the
gas phase, presumably because of crystal packing effects. Apart from this, the structure
parameters from the two studies are in excellent agreement. The C—C—C—C dihedral
ring angles are observed to be +46.2° in the crystal and +53.0(6)° in the gas phase.
The small differences in some of the angle parameters resulting from the two studies
may generally be attributed to the flattening of the ring in the crystal state. The observed
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TABLE 21. Structural parameters for hexakis(ethylidene)-cyclohexane
from gas electron diffraction (GED) and X-ray crystallography (XR)
(distances in A, angle in degrees)

Parameter GED!82 XR!81

BI 1.347(1) 1.334(3)
B3 B2 1.494(2) 1.495(3)
Bl B3 1.508(3) 1497(3)
5 A3 Al 112.12) 114.12)
A2 A2 12134) 121.12)
A3 127.0(6) 128.102)

12 176.4 1740

T2b +53.0 +46.2

“T1 = torsion angle C—C=C—CHj3.
bT2 = torsion angle (C—C—C—C)ying

C—C—C—C dihedral angle in gaseous hexakis(ethylidene)cyclohexane is 12.5° larger than
the corresponding angle calculated for the parent radialene (6). This seems reasonable
when the increased nonbonded repulsion due to the methyl substituents in the former is
taken into account.

In order to get insight into the preferred orientations of the various radialene sys-
tems, we might consider the permethylated derivatives of the parent compounds, since

<1332> <1349
1333(1) <1.496>
<1.506>
AHS 1(11)
@ ) 20)
<1.342>
<1.507>
@1

FIGURE 15. Structures of all-methyl substituted radialenes (distances in A)
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some structure data are available for all of them: 7160:171 9164168 20179 5,4 21164.168
(Figure 15).

The endocyclic CC bonds in [3]radialenes are generally found to be about 0.05 A
shorter than those in the higher radialenes. This effect is also reproduced by the ab initio
calculations (see Table 20), and is primarily attributed to the special bonding pattern in a
three-membered ring. For exocyclic C=C bonds the correlation between ring size and bond
length is more questionable. Hexamethyl[3]radialene is the only permethylated radialene
with a planar radialene system. The nonplanarity of the other radialenes is clearly due
to repulsions between neighboring methyl groups. The shortest distances between methyl
carbon atoms on adjacent CC double bonds in planar conformations may be estimated
to be 3.80, 2.56, 1.80 and 1.30 A for permethylated [3]-, [4]-, [5]- and [6]radialenes (7,
9, 20 and 21), respectively. Only in the methylated [3]radialene (7) is a planar structure
therefore possible without severe steric repulsions between the substituents.

Planar conformations of radialenes with five or more ring atoms will always be more
or less destabilized due to nonbonded repulsions, unless special structural effects that
stabilize a planar conformation are present. The available experimental data indicate,
however, that radialene systems generally prefer planar conformations, if steric effects
are not taken into account.
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I. INTRODUCTION: SCOPE AND DEFINITIONS
A. What Do We Mean By Dienes and Polyenes?

For this chapter we will define a diene as any organic compound that contains
two carbon-carbon double bonds, whether the double bonds are nonconjugated as in
1,4-pentadiene, 1; cumulated or ‘allenic’ as in 1,2- and 2,3-pentadiene, 2 and 3; or
conjugated as in (Z)- and (E)-1,3-pentadiene, 4 and 5. Relatedly, a triene contains three
carbon—-carbon double bonds, a tetraene has four carbon-carbon double bonds, etc. We
will use the generic term polyene to encompass trienes, tetraenes, etc., even though we
admit now that the thermochemistry of tetraenes and more unsaturated species is sparse
enough to make polyene and triene nearly synonymous in the current context. We will
largely avoid discussion of ‘buried’ polyenes, since it does not particularly benefit our
understanding of polyenes to include discussion of the numerous derivatives of benzene
(6), of naphthalene (7) or of any other polynuclear aromatic hydrocarbon, even though
they could be named systematically as polyenes. Nonetheless, some of these compounds
will appear occasionally in our chapter.
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We will also forego discussion of any substituted polyene wherein the substituent is
not hydrocarbyl (i.e. composed of any elements other than hydrogen and carbon). This
decision does not arise out of lack of interest in these species per se, but rather, that dis-
cussion of many of the relevant compounds has been presented in earlier thermochemistry
chapters elsewhere in other volumes in the ‘Functional Groups’ series. For example, the
energetics of the X = O containing divinyl ether, 8; furan, 9; and 1,6-oxido[10]annulene
(also known as 11-oxa-bicyclo[4.4.1]deca-1,3,5,7,9-pentaene), 10; have been recently dis-
cussed in the Supplement E2 volume of this series' and therein were explicitly compared
with those of their corresponding hydrocarbon analogs with X = CHa, 1,4-pentadiene,
cyclopentadiene and 1,6-methano[10]annulene, respectively. The —O— vs —CH,— com-
parison was shown to be generally interesting and informative where it can be made.
The available thermochemical data are disappointingly sparse. For example, there are no
thermochemical data for either pyran isomer, 11 or 12 with X = O, to include with discus-
sions of the corresponding X = CHj; species, the isomeric 1,3- and 1,4-cyclohexadienes
that are discussed at some length in Section V.D of the current chapter. Indeed, not even
all hydrocarbyl substituents and their ancillary functionalities and features will be dis-
cussed in the current chapter. We now acknowledge we will largely omit discussion of
homoaromatic species such as cyclopropanated species and their comparison with the
formally related compounds having C=C bonds. Inclusion of this interrelation is quite
superfluous in the current chapter since it figured prominently in a recent review of the

thermochemistry of cyclopropanes?.

A~ D CDOQ

® (10) (§8)) 12)

B. What Do We Mean By Thermochemistry?

As has been the approach for most of the author’s other reviews on organic ther-
mochemistry, the current chapter will be primarily devoted to the relatively restricted
scope of ‘enthalpy of formation’ (more commonly and colloquially called heat of for-
mation) and write this quantity as AHy, instead of the increasingly more commonly
used and also proper AH¢* and A¢Hp,°. No discussion will be made in this chapter on
other thermochemical properties such as Gibbs energy, entropy, heat capacity and excess
enthalpy. Additionally (following thermochemical convention), the temperature and pres-
sure are tacitly assumed to be 25 °C (‘298 K’) and 1 atmosphere (taken as either 101,325
or 100,000 Pa) respectively® and the energy units are chosen to be kJmol~! instead of
kcal mol~! (where 4.184 kJ = 1 kcal, 1 kJ = 0.2390 kcal).

Again, following our earlier chapters as precedent, we continue to view intermolecular
forces as ‘complications’ and ‘nuisances’. We consider the molecule per se to be of sole
interest and thus, unless explicitly noted to the contrary, any species discussed in this
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chapter is to be assumed in the (ideal) gas phase. Admittedly, most organic compounds
are ‘naturally’ liquids or solids under the thermochemically idealized conditions. They are
likewise found in the condensed phase for most studies by synthetically or mechanistically
inclined chemists. ‘Corrections’ to the gas are definitionally made by using enthalpies of
vaporization (AH ) and of sublimation (AH), defined by equations 1 and 2:

AH, = AH{(g) — AH{(lq) (1
AH, = AH{(g) — AH(s) @)

where g, 1q and s refer to gas, liquid and solid, respectively. Phase change enthalpies were
obtained from whatever source available: our choice to maximize the use of gas phase data
and minimize that from the liquid or solid requires numerous expediencies. In the absence
of data from experimental measurements, enthalpies of vaporization for hydrocarbons will
usually be estimated using the generally accurate (2 kJ mol~!) two-parameter equation
of Reference 4. We admit that the procedures for estimating enthalpies of sublimation are
generally dependent on values obtained from experimental measurements (either those of
enthalpies of fusion® or melting point®). Nonetheless, some effort will still be made to
estimate enthalpies of sublimation.

C. Sources of Data

We have already acknowledged our intent to use relevant estimation approaches to en-
thalpies of vaporization and sublimation to maximize the usefulness of the data available.
That dienes and polyenes have multiple double bonds that are potentially hydrogenatable
to the totally saturated aliphatic or alicyclic hydrocarbons allows the employment of two
other assumptions. The first assumption argues that the enthalpy of hydrogenation, AHy,
measured in a nonpolar solvent is essentially equal to that which would be obtained
in the gas phase’. The second assumption®, implicitly employing the first, legitimizes
the use of estimation techniques and even molecular mechanics to derive the enthalpy of
formation of the totally saturated species. From this last number, the enthalpy of formation
of the unsaturated diene or polyene of interest can be derived by equation 3 and simple
arithmetic.

AH¢ (unsaturated) + AHy, = AH ¢ (saturated) 3)

These latter assumptions make use of thermochemical data ancillary to the enthalpy
of hydrogenation. These data are not just the enthalpies of formation of CO;(g) and
H>O(lq), needed for his/her counterpart who measures enthalpies of combustion. The
use of ancillary thermochemical information becomes imperative, e.g. the enthalpy of
formation of an alkane that is the product of hydrogenating a diene of interest. It is an easy
conceptual step to go from ancillary information to secondary sources of thermochemical
data. This is consonant with our own bibliographic preferences and prejudices. In this
paper we tacitly choose to cite secondary sources® over primary sources. This strongly
simplifies the writing and reading of our text at the risk of offending an occasional author
of an uncited primary research paper.

Il. NONCONJUGATED DIENES AND POLYENES
A. Acyclic Species

It may appear that nonconjugated, acyclic dienes are the simplest and least interesting
of all the classes of compounds to be discussed in the current chapter. The reader may
wish to ask of the current author who has written numerous earlier reviews on organic
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thermochemistry: ‘Don’t you get bored reading hour after hour, day after day, numbers
and their derived problems?’ To which, he responds ‘Yes, and when I do I ask myself
‘Why am I bored?” and then I have an interesting project’°.

The simplest nonconjugated, acyclic diene is 1,4-pentadiene (1), with its enthalpy of
formation of 105.6 kI mol~!. The obvious question is whether the two double bonds are
truly independent. If they are, then the enthalpy of hydrogenation of one double bond as in
(the identical) reactions 4a and 4b would be precisely one half of that of the hydrogenation
of both as in reaction 5.

CH,;=CHCH,;CH=CH; + H, —— CH3CH,CH,;CH=CH, (4a)
CH,=CHCH,CH=CH, + H) —— CH,=CHCH,CH,CHj; (4b)
CH,=CHCH,CH=CH, + 2H, —— CH3CH;CH;CH;CHj3 ®)

We would likewise deduce that the formal reaction in equation 6
CH,=CHCH,CH=CH; + CH3CH,CH,CH,CH3; —— 2CH3CH,;CH,CH=CH, (6)

would then be thermoneutral. In fact, it is exothermic by merely 1.3 2.1 kJmol~!, a
result equal to the expected precise value of O within the experimental error bars.

We now turn to the isomeric hexadienes, of which three species qualify for considera-
tion: the 1,5- and the (Z)- and (E)-1,4- compounds, species 13, 14 and 15, respectively.
If interaction between the two double bonds in 1,4-pentadiene is so small, we expect this
as well for the 1,5-hexadiene. One test of this is to consider reaction 7 by analogy to
reaction 6.

CH,=CH(CH;),CH=CH; + CH3CH;(CH,),CH,CH3——2CH3CH;,(CH,),CH=CH;
@)

e U AV e NN

13) (14) s)

To do so, one can take the enthalpy of formation of n-hexane from Pedley, and with the
phase independence assumptions in Reference 7, employ the enthalpies of hydrogenation
of 1-hexene and 1,5-hexadiene from References 11 and 12 respectively. Alternatively!'3,
one can forget about the first quantity altogether and simply take the difference of the
enthalpies of hydrogenation of the diene and twice that of the monoene. This reaction is
endothermic by 1.1+1.8 kI mol ™', a value statistically indistinguishable from the absence
of any interolefin interaction in the diene. Relatedly, for the isomeric 1,4-hexadienes 14
and 15, equation 8 may be used.

CH3CH=CHCH,CH=CH, + CH3(CH;)4CH3s —— CH3CH=CH(CH;),CH3
+ CH3(CH;)3sCH=CH, 8)

Again, one may take the difference of the enthalpies of hydrogenation of the diene and
the sum of those for the two monoenes. Doing this separately for 14 and 15, we find
the reaction enthalpies for the Z- and E-dienes are —1.9 £ 1.2 and —1.8 + 1.1 kJmol ™.
These values are effectively zero. A stabilizing— or destabilizing — interaction was not
expected for nonconjugated acyclic dienes and none was found.
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B. Acyclic, Polymeric Polyenes

In this section we will discuss the thermochemistry of a collection of polymeric species
of the generic repeat or monomeric formula [-CH=CH—(CH;),_>—]. We admit that the
state of many of the compounds at 298 K is ambiguous, or more precisely, that the
sample’s degree of crystallinity (cf the polymer chemist’s terms ‘amorphous solid’ or
even vaguer ‘highly elastic’) is ill-defined. As such, any attempts to correct for inter-
molecular interactions are suspect. We recall that it is easier to predict enthalpies of
vaporization than of sublimation, and so conclude that general predictions for liquids
are more reliable than for solids. As such, we will study the polymer in its liquid
state even if the relevant temperature is not 298 K. No temperature corrections will be
made and, given all of the above uncertainties, it seems an unnecessary additional effort
to concern ourselves with the precise Z/E composition of the polymer'*. The desired
numbers in this section are enthalpies of hydrogenation and the final products are n/2
moles of polyethylene, i.e. (CH2CHj)poly, With its derived enthalpy of formation' of ca
—52 kJmol~!.

Starting with the n = 4 case, the desired polymer can be obtained by polymerization
of either cyclobutene (16, n = 4) or butadiene. Using the cyclobutene polymerization
enthalpy from Reference 16 and of the enthalpy of formation of monomer from Pedley,
we find the enthalpy of formation of [ -CH=CH—(CH;),—] is 12 kJ mol~!. We conclude
that the enthalpy of hydrogenation is —116 kJ mol~'.

(CHy), 0

(16)

For the n = 5 case there is the unique starting material of cyclopentene (16,
n = 5) and polymerization enthalpy'® from which the enthalpy of formation of
[-CH=CH—(CH,)3—] is found to be —14 kJmol~!. The enthalpy of hydrogenation
is thus ca —121 kIJmol~!. Likewise, for n = 6, 7 and 8, the respective enthalpies
of hydrogenation of [-CH=CH—-(CH;),_>] are seen to be ca —83, —120 and
—121 kI mol~'. Except for the n = 6 case, the various enthalpies of hydrogenation are
around —120 kJ mol~!, a value comparable to those found for numerous simple internal
olefins reported in References 11 and 14. We can think of no reason why the n = 6 case
should be so different from the others'”.

lll. CUMULATED OR ALLENIC DIENES AND POLYENES (CUMULENES)
A. Allene

We start with a discussion of allene (propadiene), the simplest diene of all. Its gas
phase enthalpy of formation is 190.5 & 1.2 kI mol~'. We wish to compare this quantity
with that of related monoenes. The first comparison addresses the ‘relative stability’ of
one and two double bonds in a 3-carbon chain. Conceptually, this may be expressed as
the enthalpy of the formal reaction 9

2MeCH=CH; —— C3Hg 4+ CH,=C=CH, )

We find that allene is destabilized by ca 46 kJmol~!. Is this destabilization also found
for other species with cumulated, or allenic, double bonds?
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B. Dienes

Let us start with 1,2-butadiene. A particularly simple analysis is the comparison of
allene and 1,2-butadiene using the formal methylation reaction 10

CH,=C=CH; + MeCH=CH; —— MeCH=C=CH, + CH,=CH; (10)

This reaction has an accompanying endothermicity of ca 4 kJmol~'. Said differently,
methylation of ethylene is some 4 kJ mol~! more exothermic than of allene. How general
is this greater exothermicity of alkylation of monoolefins over that of related allenes?
Proceeding to the three cumulated 5-carbon dienes, we may consider the reactions

CH,=C=CH, + EtCH=CH,; —— EtCH=C=CH, + CH,=CH, (11a)
CH,=C=CH; + 2MeCH=CH, —— MeCH=C=CHMe + 2CH,=CH, (11b)
CH,=C=CH; + Me,C=CH; —— Me,C=C=CH; + CH,=CH, (11¢)

Using standard references and protocol, we find the three reactions are respectively
endothermic by ca 2, 8 and 6 kJ mol~!, or ca 2, 4 and 3 kI mol~! once one remem-
bers to divide by 2 the last two numbers because the allene is dialkylated. So doing,
from equations 10 and 11 we find an average ca 3 kImol~! (per alkyl group) lessened
stability for alkylated allenes than the correspondingly alkylated alkenes. This is a small
difference that fits most naturally in the study of substituted cumulenes such as ketenes
and ketenimines, i.e. not in this chapter. But it is also a guideline for the understanding
of polyenes with more cumulated double bonds.

C. Trienes

The thermochemistry of totally cumulated trienes, i.e. species with the C=C=C=C
substructure, is very limited. Indeed, the sole examples we know are those reported by
Roth, namely (Z)- and (E)-2,3,4-hexatrienes MeCH=C=C=CHMe, species 17 and 18.
Their enthalpies of formation are identical to within experimental error, 265 kJmol~!.
This equality is altogether reasonable given the small Me...Me interaction across the 4-
carbon, linear, cumulene chain in contradistinction to the 4.3 kJmol~! difference that
is found for the isomeric (Z)-and (E)-2-butenes with their significantly smaller Me...Me
distance. Are cumulated trienes ‘unstable’ relative to cumulated dienes much as cumulated
dienes are unstable relative to simple olefins? Briefly regressing to cumulated dienes, this
assertion is corroborated by the finding that species 3, i.e. 1,3-dimethylallene, has an
enthalpy of ‘decarbonization’!8 of 144.5 kI mol~! (reaction 12)

3 —— (E)-MeCH=CHMe(g) + C(s) (12)

——= R

17) (18)

while the related reactions 13 of the two monosubstituted (R = Me and Et) and the
unsubstituted allene (R = H)

RCH=C=CH,; —— RCH=CH3(g) + C(s) (13)
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have enthalpies of 142.3, 140.6 and 139.0 kJ mol~!. All of these decarbonization reactions
are exothermic by ca 140 kJ mol~!. Returning to the trienes, the related reaction 14

(17 or 18) —— 3+ C(s) (14)

has the contrasting endothermicity of but 123 kimol~!. Are the trienes so different
from the dienes? These two sets of results become consonant once we observe the
conjugated — and hence stabilizing— diene substructure (note the A>3-A%3 interaction)
that is lying within the cumulated double bonds of 17 and 18.

D. Tetraenes

We know of no substance containing four completely cumulated double bonds for
which the enthalpy of formation is available, and but few species that fill that structural
description at all. Likewise, we know of no substance containing three cumulated dou-
ble bonds and an either affixed conjugated or nearby, but unconjugated, double bond
for which enthalpy of formation data are available except for the disingenuous benzyne
(19) recognized if it is drawn in its unconventional resonance structure 20. However,
besides the equally inappropriate p-benzyne (21, 22), we find in Roth the desired ther-
mochemical numbers for three other tetraenes. All of these latter species are bis-allenes,
the acyclic 1,2,6,7-octatetraene (23) and 4.,4-dimethyl-1,2,5,6-heptatetraene (24), and the
cyclic 1,2,6,7-cyclodecatetraene (25). There is no reason to believe that either 23 or 24 is
particularly strained. Table 1 documents our optimism by numerically taking one-half of
the difference of the enthalpies of formation of these acyclic bis-allenes and more ‘con-
ventional’ species'®, namely the corresponding olefins and acetylenes. Nearly constant
differences were found. We should expect both the cumulene 25 and its olefin counter-
part, 1,5-cyclooctadiene, 26, to be strained, and their comparison is further complicated
by the ambiguity of having to choose between the meso or dl isomers for the former (27
and 28, respectively), and among the (Z,Z), (E,Z) or (E,E) isomers for the latter (29-31,
respectively). There are two measurements from which one can derive the desired enthalpy
of formation of the cumulene. The first is Roth’s enthalpy of hydrogenation that results in
a value of 360 kJ mol~! for explicitly the meso compound, 27. The second is the nearly
contemporaneous determination of the enthalpies?® of combustion and of vaporization (for
what appears to be isomer 27 as well) resulting in 356.1 + 3.8 kI mol~!. We have arbi-
trarily decided to consider the (Z,Z) isomer of 26, species 29, because it is the most stable
of the 1,5-cyclooctadienes (see Section V.F). So doing, the desired difference quantity is

*
XN = \| 2
AN NP~
(19) (20) @1 22)

(23) 24) (25)
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TABLE 1. Enthalpies of formation of bis-allenes, the related bis-olefins and bis-acetylenes and their
acyclic analogs

—R— 2Et— —CH>CH,— Me,C<
AH y (CH=CH—R—-CH=CH,) 0 84 52¢
1/28 (bis-allene, bis-olefin) 141 142 139
AH y (CHy=C=CH—-R—-CH=C=CH,) 282 368 330
AH y (HC=C—R-C=CH) 330 415° 3828
1/26 (bis-allene, bis-acetylene) —24 —23 —26

%The necessary enthalpy of formation of Me,C (CH=CHj), was derived by assuming the reaction Me,CEt; +
CH, (CH=CHjp); — Me,C(CH=CHj); + CHjEt; is thermoneutral.

bThe liquid phase enthalpy of formation of this species is from Pedley; the necessary enthalpy of vaporization was
estimated.

found to be ca 130 kI mol~'. Considering all of the above uncertainties and the relatively
exotic structure of 25, we conclude that the bis-allene 25 is not so strange after all?!.

) o

(26) (27) (28)
(29) 30) 31

IV. CONJUGATED ACYCLIC DIENES

A. Consequences of Conjugation

It is part of the folklore of organic chemistry that the conjugated 1,3-butadiene, 32,
enjoys stabilization beyond that were there no interaction between the two double bonds.
Indeed, conjugated dienes represent an archetypical example for organic chemists when
discussing resonance stabilization accompanying the interaction of two functional groups,
and so it may be argued that a new functional group arises.

/\/

(32)

What is relevant to this chapter is that a conjugated diene has higher thermodynamic
stability than one would expect in the absence of conjugation. Leaving off all hydrogens
and substituents in the name of simplicity, several interrelated definitions that document
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this stabilization are apparent. The first compares the enthalpy of hydrogenation corres-
ponding to total saturation of the diene; cf reaction 15a with the hydrogenation enthalpies
of the related monoenes, cf reactions 15b and 15c¢. The difference of the first enthalpy,
AH, (equation 15a), and the sum of the second and third [AH (equation 15b) + AH,
(equation 15c)], provides a definition for the conjugation energy, E¢ (equation 16).

C=C-C=C+2H; — C-C-C-C (15a)
C=C-C-C+H; — C-C-C-C (15b)
C-C-C=C+H; — C-C-C-C (15¢)

E 16 = AH(equation 15a) — [AH ((equation 15b) + AH (equation 15c)] (16)

We immediately recognize this quantity (E16) as equal to the exothermicity of reac-
tion 17:
C-C-C=C+C=C-C-C —— C=C-C=C+C-C-C-C (17)

The result for 1,3-butadiene is —15.74+1.9 kJmol~!, a value comparable to conventional
expectations save the sign?2. We can now define the difference of the value for an arbitrary
conjugated diene of interest and this 15.7 kI mol~! as E1g (equation 18).

Eig=—-157—-Ey (18)

That is, we can compare the ‘new diene’ with the archetypical 1,3-butadiene where a
positive number suggests that it is more stabilized than the paradigm.

The above definition of the enthalpic effects of conjugation is not unique. A sec-
ond definition decouples the two double bonds by an alternative hydrogenation process
(equation 19).

C=C-C=C+H; —— C=C-H+ H-C=C (19)

It is found that this reaction, more properly called a hydrogenolysis than a hydrogena-
tion, is only ca 5 kImol~! exothermic for simple species such as 1,3-butadiene and its
mono and dimethylated derivatives'>23-24_ This is surprisingly close to thermoneutrality.
Nonetheless, we have decided to define Ey¢ by equation 20,

Ex=51—Ej (20)

where 5.1 & 1.2 kJmol ™! is the precise hydrogenolysis value for 1,3-butadiene. Again,
comparison can be made with 1,3-butadiene where a positive number for E5g implies the
new diene is more stable than the archetype. A third definition totally hydrogenates the
diene to the saturated hydrocarbon (cf equation 15a), and the difference of this enthalpy
and that for the unsubstituted butadiene results in £3; (equation 21):

Ey = -=225.7—Ey (1)

In this equation the —225.7+1.3 kI mol~! is the hydrogenation enthalpy of 1,3-butadiene
to n-butane. This last expression speaks to substituent/diene interactions and to sub-
stituent—substituent interactions. Both electronic and steric effects contribute. Again, this
allows calibration of a substituted diene with 1,3-butadiene itself. A positive sign can be
interpreted as the substituted species being more stabilized than the archetype.
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TABLE 2. Conjugation enthalpies of gaseous substituted butadienes
relative to butadiene itself

Substituents Eg Ey E»>
(E) 1-Me 6 2 3
(Z) 1-Me -3 -3 -3
2-Me 0 3 —4
(E) 1-Et¢ 7P 3 4
(Z) 1-Et* 7P -1 0
2-Et¢ —124 -6 —10
(E,E) 1,4-Me$ 5P 1 14
(E,Z) 1,4-Mée} 5P -3 11
(Z,2) 1,4-Me; —2b -7 6
2,3-Me, _ -5° 0 2
(E,E) 1,23,4-Me] -7 15
(E.Z) 12.34-Me] —14 17
(Z,7) 12,34-Me} ~15 10
2,3t — Buj —44h —12f

“The enthalpies of formation of the isomeric 1-ethylbutadienes (or more prop-
erly named 1,3-hexadienes) are taken from Reference 12.

bThe enthalpies of formation of the monoolefin hexene products are derived
from Reference 11.

“The enthalpy of formation of the 2-ethylbutadiene is taken from Reference 8.
dThe enthalpy of formation of the monoolefin products, 3-methyl-1-pentene
and 2-ethyl-1-butene, are derived from Reference 11.

¢The enthalpies of formation of the isomeric dimethylbutadienes (or more prop-
erly named 2,4-hexadienes) are taken from Reference 12.

S The enthalpies of formation of the isomeric tetramethylbutadienes (or more
properly named 3,4-dimethyl-2,4-hexadienes) are taken from Reference 23.
8The enthalpy of formation of the di-z-butylbutadiene is taken from Refer-
ence 23.

"This is the solvent and vaporization-corrected enthalpy of hydrogenation of
the diene from Reference 23. There is no need in the current context for the
enthalpy of formation of the hydrogenation product 2,3-di-t-butylbutane (or
more properly named 2,2,3,4,5,5-hexamethylhexane), unlisted in our archives,
and derived in Reference 23 by molecular mechanics.

'The enthalpy of formation of the hydrogenolysis product, 3,3-dimethyl-1-
butene, was derived from the data in Reference 11b.

However, because a given alkyl group replacing hydrogen on saturated and unsatu-
rated carbon results in different enthalpy of formation changes, we hesitate to compare
dienes with different number of substituents on the butadiene backbone. Indeed, that 1,3-
butadiene is a di-terminal double-bond system allows for the conclusion that butadiene is
not a good species for comparison. Indeed, Table 2 presents the accumulated values of
E 13, Eyp and E7; for all of the acyclic dienes (all unsystematically named therein as sub-
stituted derivatives of butadiene) that are known to the author for which there is relevant
gas phase enthalpic data®. It is very disconcerting that these definitions and descriptions
of conjugation energy and substituent effects for our set of dienes result in no obvious
generalities or guidelines.

The description of conjugated dienes as shown by equation 17 and the associated
comparison with butadiene in equation 18 corresponds most closely to the conventional
definition. The results are plausible in that groups on one double bond that are cis-situated
relative to the other encourage nonplanarity, cause destabilization and result in lessened
conjugation energy. Or so we say. The biggest debit of this approach is that the thermo-
chemistry of the monoenes related by single addition of Hj is often absent. An example
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is the case of 2,3-di-z-butylbutadiene 33, and so the energetics of this species could not
be examined in the current light.

(33)

Because reaction 19 is so close to thermoneutrality for unstrained olefins and dienes,
it represents a convenient way of estimating and benchmarking enthalpies of formation
for dienes and polyenes2® even if it is not isodesmic?’ whereas reaction 17 is. However,
it is “full of surprises’ such as the finding that the related oxygen reaction (equation 22)
involving a-dicarbonyl compounds is also nearly thermoneutral®*28,

2RCHO —— RCOCOR + H; (22)

However, it is not obvious how much understanding the energetics of this last reaction
will provide a key to understanding of dienes.

Reaction 14 is the simplest process associated with the measurement of the hydrogena-
tion of the diene. No other unsaturated compounds such as the monoolefins formed by
addition of a single equivalent of Hy, not reactions 7a, 7b or 12, need be considered. This
is a virtue from the vantage points of not having to ‘interrupt’ the reaction, analyze the
products or needing to synthesize any additional species. However, all comparison with
monoolefins has been lost and that is the interrelationship conjugation energy speaks to.
Perhaps with more data we will gain greater understanding.

B. What Other Data Are There

We admit to comparatively little experience in quantitatively understanding solvent
and entropic effects. For example, consider the 1,2,3,4-tetramethylbutadienes presented in
Table 2. From Reference 23, we find the relative solution phase Gibbs energies for the
(E,E)-, (E,Z)- and (Z,Z)-isomers (34-36, respectively) increase in the order (E, E) <
(E,Z) =~ (Z,Z). By contrast, the gas phase enthalpies of formation increase in the order
(Z,Z) < (E,E) < (E,Z). Somehow it seems inappropriate to include the other CgHj4
hydrocarbons of Reference 23 in the current study when we only know their relative

Gibbs energies in solution®.
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(34) (35) (36)

Data are sparse. Let us thus relax the earlier phase restriction to the gas phase. We
therefore briefly discuss some conjugated dienes for which we have enthalpy of formation
data solely in the condensed phase. The first pair of species are the isomeric (Z,Z)-and
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(E,E)-1,4-diphenylbutadienes, 37 and 38. Pedley tells us that the difference of enthalpies
of formation is ca 20 kImol~! in the solid. Pedley’s chronicled data to the contrary,
we would have thought that the value should be larger than the comparable archival
difference for 39 and 40, the (Z)- and (E)-diphenylethylenes (stilbenes)?C. We likewise find
that solid 1,2,3,4-tetraphenylbutadiene, 41, is ca 30 kI mol~! less stable than its 1,1,4,4-
isomer, 42. One natural comparison is with the saturated tetraphenylbutanes but there are
seemingly no data available for 1,2,3,4-tetraphenylbutane. Another comparison involves
formal cleavage of the central single bond to form two molecules of diphenylethylene,
but the absence of Z/E assignments for the double bonds in 1,2,3,4-tetraphenylbutadiene
makes this approach irrelevant.

N TN

37 (38)

(39) (40)
A ,\JO X

(41) 42)

X
V. CYCLIC DIENES

A. What Types of Species Qualify?

There are three generic types of species with this description: those cyclic dienes in
which both double bonds are found totally within, or endo to, the ring; those in which
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both double bonds are found exo to the ring, and those with one endo and one exo double
bond. We start with the first class of compounds.

B. Doubly Endo Micro-rings

The first member of this class of compounds would appear to be cyclopropadiene,
43, but it is immediately recognized that this species is more accurately drawn with
the alternative resonance structure corresponding to cyclopropenylidene, 44. As such,
this C3H; species does not truly belong in the current chapter and so will be ignored
here3!. There are two isomers for cyclobutadiene, the 1,2- and 1,3-, species 45 and 46
respectively. We are not surprised there are no enthalpy of formation data for the former
and it is tempting to conclude that this cyclic allene is seemingly ‘too small’ to even allow
for reaction calorimetry of any kind. There are no enthalpy of formation data for the latter
or for any of its derivatives either>?, although the generally believed antiaromaticity of
cyclobutadienes would have argued against inclusion of the data even had we found it
much as the thermochemistry of cyclohexatrienes (i.e. substituted benzenes) is all but
ignored in this chapter.

A A

43) (44) 45) (46)

C. Cyclopentadiene

Turning now to cyclopentadienes, there are the isomeric 1,2-and 1,3-cyclopentadiene
[47 and 48 (9, X = CHj;)]. The thermochemical community has ignored 47, a cyclic
allene, and indeed, it has seemingly ignored all cyclic allenes®® despite the reasonable
number of reasonable, i.e. isolable and isolated, species>*. The latter is among the most
normal looking species in this chapter: 48 is customarily called cyclopentadiene without
any locants for the two double bonds. Pedley chronicles its enthalpy of formation to be
134.3 £ 1.5 kJmol~! from measurements of its enthalpy of a gas phase hydrogenation
reaction resulting in cyclopentane. Roth cites this value and also one derived of their
own from solution phase hydrogenation measurements, 138.9 kImol~!, that resulted in
the same product. The 4.6 kImol~! discrepancy is quite disconcerting because:

O O

47) (48)

(a) if it really reflects a difference of gas phase and condensed phase enthalpies of
hydrogenation, the earlier enunciated assumption that results from nonpolar media mimic
those in the gas phase is suspect;

(b) most compounds have never been studied by thermochemists. Those compounds
that have been investigated have rarely been studied by more than one group;

(c) we may define the conjugative stabilization in cyclopentadiene as the exothermicity
of the cyclopentene ‘disproportionation’ (reaction 23).

2cyclo-[(CH2)3(CH)2] —— 48 + cyclo-[(CH2)s] (23)
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Using Pedley’s suggested enthalpy of formation, this reaction is seen to be exothermic
by 9.9 kImol~!. This number is quite small noting that a related but strain-free reaction
(an alternative acyclic paradigm for conjugation), i.e. reaction 24

2(E)-MeCH=CHPr —— (E,E)-MeCH=CHCH=CHMe + n — C¢H4 (24)

is exothermic by nearly 20 kJ mol~'. Indeed, this result would appear to reflect the oft-
asserted instability of cis-oid (alternatively written Z- or s-cis) dienes>. Using Roth’s
value for the enthalpy of formation of cyclopentadiene, the exothermicity of reaction 23
has now shrunk to 5.3 kImol~!. If this value is taken, the conjugative stabilization of
cyclopentadiene has all but vanished3®.

D. 1,3- and 1,4-Cyclohexadiene

It is perhaps unexpected to have an entire section devoted solely to two normal-
looking cyclic dienes, 1,3- and 1,4-cyclohexadiene, species 49 and 50 (11 and 12 with
X = CHj). While an entire volume has been written on stereochemical aspects of substi-
tuted cyclohexadienes®’, this interest alone would not suggest that more than a perfunctory
discussion of the enthalpies of formation of the parent species need be made. Our expec-
tations are simple. The former diene is conjugated; the latter is not. A difference of ca
15 kJmol ™! favoring the former is expected. Our archives are surprisingly mute: Pedley
gives us the enthalpy of formation of only the 1,3-species, 106.2 0.9 kI mol~', derived
from a 60-year-old gas phase enthalpy of hydrogenation measurement3. Roth gives us
that value as well as one derived from a 23-year-old solution hydrogenation enthalpy
measurement>®. As with cyclopentadiene, this latter value differs from the earlier one by
some 5 kJ mol~!. Though more recent, that measurement which was made in the polar
solvent, glacial AcOH, requires the need for solvent effect corrections. This suggests
that the earlier value is preferable. Interestingly, the latter reference® also reports the
hydrogenation enthalpy of 1,4-cyclohexadiene. This value is ca 1 kImol~! higher than
the corresponding enthalpy found for its 1,3-isomer. Since the hydrogenation product is
the same for both dienes, in the absence of any particular solvent effect for 49 or 50,
we conclude that the enthalpies of formation of these two cyclohexadienes are nearly the
same with the formally conjugated species the slightly more stable. Direct equilibration
of 49 and 50 showed*® the former 1,3-isomer to be more stable by 1.6 £ 0.8 kJ mol~!.
Disappointingly, this reaction was performed in polar media (-BuOK in DMSO) and
so the same skepticism enunciated for the solution phase hydrogenation study could be
enunciated here*!.

49 (50)

What about measurements of enthalpies of combustion of condensed phase species
49 and 50 and accompanying enthalpies of vaporization? Enthalpies of formation of the
gaseous hydrocarbons can be directly obtained from these studies as well. There are
two recent studies that provide us with useful information. The first*? results in the
values of 104.640.6 and 104.8 0.6 kJ mol~! respectively. The second accompanies the
earlier cited cyclic bisallene (and polycyclic monoolefin) study, in which the authors2®
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reported the value of 100.4+3.1 kJ mol~! for the 1,4-isomer. This value is quite different
from what was reported above and so, regrettably, we find no corresponding combustion
measurements on its isomer in Reference 20 as well. It is tempting to ignore this last result
because the comparison of the stabilities of the 1,3- and 1,4-cyclohexadienes cannot be
directly addressed from this latter paper.

Summarizing all of the above, it would appear that 1,3- and 1,4-cyclohexadiene have
nearly identical enthalpies of formation. Does this mean that the 1,3-isomer is destabi-
lized and/or that the 1,4-isomer is stabilized? Let us accept an enthalpy of formation
of ca 105 kImol~! for the enthalpy of formation of both isomers. In the absence of
any stabilization or destabilization, we would expect the cyclohexene ‘disproportionation’
reaction 25

2cyclo-[(CH3)4(CH)2] —— (49 or 50) + cyclo-[(CH» )s] (25)

to be nearly thermoneutral. In fact, our analysis suggests that this reaction is exothermic
by 8 kImol~!. Accordingly, 1,3-cyclohexadiene is less stable than we would have derived
from results of 2,4-hexadiene (but again remember cis-oid conjugated dienes). Conversely,
1,4-cyclohexadiene is more stable on the basis of conventional assumptions about the
thermochemistry of nonconjugated dienes and acyclic paradigms.

E. Cycloheptadienes

As was seen for 1,3-cyclohexadiene, the data in Pedley and Roth report conflicting
measurements for the enthalpy of formation of 1,3-cycloheptadiene, 51. The values differ
by some 3 kJ mol~!. This is often a non-negligible difference, but either result is plausible:
the disproportionation reaction 26

2cyclo-[(CHz)5(CH)2] —— 51 + cyclo-[(CH2)7] (26)

corresponding to earlier reactions 23 and 25, is exothermic by either ca 6 or 9 kJmol ™.
However, the difference becomes almost irrelevant when comparing these findings with
those for 1,4-cycloheptadiene, 52. As with the isomeric cyclohexadienes 49 and 50, Ref-
erence 39 presents solution phase hydrogenation (glacial AcOH solvent) for the two
cycloheptadienes. Remembering that the difference of the solution phase enthalpies of
hydrogenation, and hence of formation, difference of the isomeric cyclohexadienes was
within a kI mol~! of that found from the chosen combustion measurements, encourages
us to trust the difference found for 51 and 52. But here, the conjugated isomer is reported
to be more stable than its unconjugated counterpart by almost 30 kJ mol~!. This differ-
ence is significantly larger than the acyclic paradigm for the stabilization effects due to
conjugation of double bonds. We strongly suggest reinvestigation of the thermochemistry
of the cycloheptadienes —and the cyclohexadienes as well.

(5D (52)

F. Cyclooctadienes

As with the isomeric cyclohexadienes, there are a variety of data to present. Let us
start with the 1,5-isomer, 26 and remind the reader there are three ‘forms’ of this species,
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the (Z,Z), (E,Z) and (E.E) isomers, 29-31, respectively. Pedley presents enthalpy of
formation data for only the first. By contrast, Roth enigmatically gives data only for
the last two. Taken as a totality, the three numbers are 101.1 + 1.3 kImol~!, 158.2 and
196.2 kJmol~!. When there are two double bonds in an 8-membered ring, at least for
the 1,5-isomer, changing from a (Z)-conformation to (E) seems to be accompanied by ca
50 + 10 kI mol ™! per double bond increase in enthalpy of formation. This is consistent
with isomerization of the monoolefin, cyclooctene, as well. Pedley suggests the enthalpy
of formation of (Z)-cyclooctene, 53, to be —27.0 £ 4.2 kJ mol~!. Roth cites enthalpies
of formation of (E)-cyclooctene, 54, ranging from 9.2 to 20.1 kJ mol~! based on three
distinct hydrogenation measurements. We thus deduce a E/Z difference of 4246 kJmol ™.
Likewise, using numbers from Roth, we find that (Z,Z)-1,3-cyclooctadiene, 55a, is some
60 kI mol~! more stable than its (E,Z)-isomer, 55b.

(53) (54) (55a)

(55b) (56)

From a consistent set of hydrogenation enthalpies in glacial AcOH, the cyclooctadi-
enes decrease in stability 1,5- (29) < 1,4- (§6) < 1,3- (55a) with sequential differences
of 13.0 (29, 55a) and 6.7 (55a, 56) kI mol~!. For comparison — despite our earlier enun-
ciated skepticism about isomerization reactions performed in polar media (z~-BuOK in
DMSO)—the following enthalpies of reaction, and thus enthalpies of formation, dif-
ferences were found**: 16.4 + 1.4 and 2.8 #+ 0.8 kI mol~!. Consistency, if not precise
numerical agreement, is found for the energetics of the isomeric cyclooctadienes.

G. Doubly Exo Cyclic Dienes

Except for the still thermochemically uninvestigated 1,2-bismethylenecyclopropane®?,
57, all bismethylenecycloalkanes can further be divided into two categories —those in
which the exo-methylene groups are on adjacent carbons and those further apart. The
two isomeric bismethylenecyclobutanes have been studied. Roth presents an enthalpy
of formation for the 1,2-isomer, 58, of 204.2 kImol~!. In the absence of any addi-
tional strain-induced destabilization or conjugative/delocalization-induced stabilization,
we would expect the disproportionation reaction 27 of methylenecyclobutane (59)

2[59] —— 58 + cyclo-[(CH2)4] 27)
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to be thermoneutral. In fact it is exothermic by ca 10 kJmol~!, reflecting—as in our
earlier discussion of cyclopentadiene —the destabilization induced by forcing a cis-oid
conformation on a conjugated diene. Reaction 28

2[59] —— 60 + cyclo-[(CH2)4] (28)

relatedly for the 1,3-bismethylene isomer, 60, would also be expected to be thermoneutral
in the absence of additional stabilization or destabilization effects. No direct enthalpy
of formation measurements exist for 60. Reaction 28 may be roughly recast in terms of
hydrogenation enthalpies. Twice this quantity for the singly methylenated 59 would equal
that of 60 in the absence of any other significant stabilizing or destabilizing factor, if we
make the reasonable assumption that the saturated counterpart, reaction 29, is essentially
thermoneutral.

2[61] —— 62 + cyclo-[(CH2)4] (29)

In fact, using data for 59 and 60 with the same solvent and a fortiori from the same
paper®, we deduce that 60 is seemingly destabilized by 5 kJ mol~'.

(61) (62)

Does the 10 kJmol~! stabilization for adjacent exomethylene groups in cyclobutane
arise from conjugative interactions? Is the 5 kImol~! destabilization for nonadjacent
exomethylenes in cyclobutane general for other cycloalkane derivatives?

Consider now other bismethylenecycloalkanes. We start with 1,2-dimethylenecyclo-
pentane, 63, and acknowledge there are no accompanying thermochemical data for its
1,3-isomer, 64. We can write the formal reaction 30

2cyclo — [(CH2)4C=CH3] —— 64 + cyclo-[(CH»)s] 30)

sdaVoye

(63) (64) (65) (66)
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From enthalpy of formation data of 63 from Roth, and for the other species from Pedley,
we find reaction 30 is exothermic by 6 kJmol~!. Consider now the isomeric 1,3-and
1,4-dimethylenecyclohexane, 65 and 66; no thermochemical data for its 1,2-isomer are
seemingly available. We can write the related formal reactions 31a and 31b.

2cyclo — [(CH;)sC=CH;] —— 65 + cyclo-[(CH3)¢] (31a)
2cyclo — [(CH;)sC=CH;] —— 66 + cyclo-[(CH3)¢] (31b)

From enthalpy of formation data of 65 from Roth, of 66 from Reference 46, and for the
other species from Pedley, we find reactions 31a and 31b are exothermic by nearly 19 and
9 kJ mol~! respectively. We have no understanding of why 1,3-dimethylenecyclohexane is
so stable relative to its 1,4-isomer, or how to predict stabilization of any bismethylenecy-
cloalkane as a function of ring size.

H. Endo, Exo Cyclic Species

As the ring size gets bigger, there are an increasing number of isomers of this general
description. For the sake of brevity, we will consider only the formally conjugated species,

generically 67 where n is the ring size*’. No problems or surprises are expected here:
consider thus the straightforward hydrogenation reaction 32

67 + 2H, —— cyclo-[(CH3),—1CHMe] (32)

|
/

(CHy),, 3 ‘
N

(67)

Taking the enthalpy of formation of 67 with n = 5 from Roth and the product methylcy-
clopentane from Pedley, this reaction is found to be 222 kJ mol~! exothermic. This result
is consonant with that of the acyclic reaction 33

CH,;=CHC(Me)=CH, —— CH3CH;CHMe; (33)

which has an exothermicity of 228 kJ molfl, some 6 kI mol™! higher. It is not, however,
consonant with the enthalpy of reaction 32 with n = 6 for which a reaction enthalpy of
some 177 kImol~! is found using numbers from Pedley*3. Other than assuming that an
experimental measurement is wrong, no explanation is apparent®.

l. Bicyclic Dienes and ‘Beyond’

There are many bicyclic dienes and polyenes. If for no other reason than to show that
seemingly homologous series often show profound complications, in Table 3 we present
the enthalpies of formation of the bicyclo[2.2.n]alka-2,5-dienes, bicyclo[2.2.n]alk-2-enes
and bicyclo[2.2.n]alkanes, species 68, 69 and 70, respectively, wherein we limit our
attention to the cases of n = 0, 1 and 2. It is seen that the enthalpies of formation of the
bicycloalkadiene, bicycloalkene and bicycloalkane always become more negative in that



86 Joel F. Liebman

TABLE 3. Recommended enthalpies of formation of
bicyclo[2.2.n]alka-2,5-dienes, bicyclo[2.2.n]alk-2-enes and
bicyclo[2.2.n]alkanes for n = 0, 1 and 2

n=0" n=1°b n=2¢
Bicycloalkadiene 335 240 141
Bicycloalkene 261 90 35
Bicycloalkane 125 —52 -99

“See Reference 50.
See Reference 51.
“See Reference 52.

order and that, for a given degree of unsaturation, the enthalpies of formation also always
become more negative in the order n = 0, 1 and 2. These results are sensible. It is the
exceptional double bond>3 for which saturation (hydrogenation) is an endothermic reac-
tion. Recognizing the monocyclic structural fragments amidst the bicycles, we also expect
the strain energies to decrease in the order of 4-membered ring > 5-membered ring >
6-membered ring. The deviation from thermoneutrality of the formal reaction 34

2[69] — 68 + 70 (34)

speaks to the interaction of the two double bonds in the bicycloalkadiene>*. For n = 0, 1
and 2, these reactions are respectively 62 endo, 2 exo and 28 kI mol~! exo-thermic.

(68) (69) (70)

Hardly feigning completeness under the general rubric of ‘beyond’, we now briefly
discuss bicyclo[2.2.2]octatriene or barrelene, 71, with its recommended>? enthalpy of
formation of 303 kImol~!. The difference of this enthalpy of formation and the bicyclic
species with one fewer double bond (68, n = 2) is 162 kImol~!, ca 20 kImol ™! less
than any other difference we find in Table 3. It is thus clear that this bicyclic triene is
considerably destabilized. By contrast, the corresponding difference for 72, the tricyclic
triquinacene, and the corresponding diene 73, is ca 20 kImol~! lower> than for the
diene as well as for 74, a related bicyclic diene>®. Having promised to avoid discussion
of homoaromaticity in the beginning of this chapter and other exotic interactions of double
bonds, we avoid mention of the mechanisms of seeming stabilization, destabilization and
normalcy for 72, 71, and of 73 and 74, respectively.

0 4 o <o

(71) (72) (73) 74)
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VI. CONJUGATED POLYENES
A. What Sparse Data Are There

We have earlier discussed the thermochemistry of acyclic conjugated dienes. In this
section the enthalpy of formation of conjugated trienes will be discussed along with a
few compounds with more than three double bonds. For all of the activity in the chemi-
cal and biochemical community in conjugated polyenes — whether derived from interest
in antioxidants (e.g. B-carotene, 75), the visual process (e.g. retinal, 76) or conducting
polymers (e.g. polyacetylene, 77) —there are surprisingly little thermochemical data for
species with conjugated three or more double bonds. Nonetheless, we remind the reader
that following our earlier enunciated prejudices, we will still ignore substituted species
such as the partially conjugated ergosterol, 78, with its solid and gaseous phase enthalpies
of formation of —789.8 & 24.7 and —670.9 + 25.5 kI mol ™', respectively.

I NV A " T R
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(78)

B. Acyclic Species

We start with the simplest conjugated triene, 1,3,5-hexatriene, for which there are the
two isomers, the (Z)- and (E)-, species 79 and 80, respectively. Nearly 30 years ago®’,
the enthalpy of combustion of the former, as liquid, was reported. From this number,
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the customary ancillary values of the enthalpies of formation of H,O and CO;, and
our standard estimation approach for enthalpies of vaporization, we obtain the desired
enthalpy of formation of gaseous 80 as 175 + 14 kJmol~'. Somewhat later, considerably
more precise enthalpies of hydrogenation®® were reported for both compounds. These
studies were performed in glacial AcOH with an unmeasured correction for solvent effects.
Ignoring this solvent correction and accepting these enthalpies of hydrogenation and of
formation of the common hydrogenation product, gaseous n-hexane, we derive the desired
enthalpies of formation of 79 and 80 to be 169.7 & 1.1 and 165.1 + 1.5 kJmol~!. The
two results for (E)-1,3,5-hexatriene are in agreement. One can do better than merely
ignore the solvent correction for the hydrogenation measurement by positing®® a constant
correction per double bond of ca 2.9 kI mol~!, and thereby result in the modified value of
ca 174 kITmol~! for the (E)-triene. Needless to say, it would be more correct to measure
the solvent correction directly'?. Alternatively, one can perform the hydrogenation in
a nonpolar solvent and so mimic the gas phase result’. Within the last few years, this
quasi-gas-phase hydrogenation measurement were reported'? albeit on a 79/80 (or Z/E-
hexatriene) mixture of known stoichiometry. Accepting the earlier difference of enthalpies
for the two isomers results in the enthalpies of formation of 79 and 80 of 172.0£2.5 and
167.8 2.5 kI mol ™' respectively. Admitting some numerical ‘sloppiness’, a corollary of
the earlier observation3”-38 that the enthalpy of formation of a strainless conjugated diene
is ca 5 kJmol~! more than the sum of the component monoenes is that the enthalpy of
formation of a strainless conjugated triene is ca 10 kI mol~! more than the sum of the
component monoenes. A value of 167.5 kJmol~! is ‘predicted’ in good agreement with
experiment for the (E)-isomer; we may understand the ca 5 kJmol~! discrepancy for the
(Z)-isomer in terms of strain in the latter as a 3.2+ 1.1 kJ mol~! difference is found'! for
the Z/E difference for 3-hexene, the related monoolefin with an internal double bond.

7 AN /\/\/

(79) (80)

Agreement is somewhat poorer for substituted hexatrienes. Consider now the (E)-isomer
of 2,5-dimethyl-1,3,5-hexatriene (81) for which Roth gives an enthalpy of formation of
95.8 kI mol~!. Simple olefin additivity, as done above for the parent hexatriene, results in
a value of 103 kJ mol~!. Modifying the above 5 to 3.5 kI mol~! as found for the relatedly
branched conjugated diene (isoprene, 82) gives a new value of ca 100 kJ mol~! for the
enthalpy of formation of 81. The discrepancy has shrunk to ca 4 kJmol~'.

(81) (82) 83)

Consider now the 1,1,6,6-tetramethylated derivative of (Z)-1,3,5-hexatriene (83), a
species more properly named (Z)-2,6-dimethyl-2,4,6-octatriene and occasionally and triv-
ially called ‘cis-allo-ocimene’. To estimate its enthalpy of formation, let us use simple
olefin additivity along with:
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(a) the same 3.5 (instead of 5 kI mol~!) correction as above,

(b) the Z/E correction for the central hexatriene double bond as with the parent triene,

(c) the same Z/E difference as found for the substructure C=C—C=C—Me as found

in the pentadienes 4 and 5,
Numerically, the above sum to ca 40 kI mol~!. The experimentally measured enthalpy
of formation for liquid 83, derived from a combustion measurement, is —24 kJ mol~!.
Using our standard protocol to estimate the necessary enthalpy of vaporization results in
an additional 50 kJmol~!. A value of 26 kImol~! is thus predicted for the enthalpy of
formation of gaseous 83. The source of the 14 kI mol~! discrepancy evades us>S.

The final acyclic conjugated triene we will discuss is 1,6-diphenylhexatriene, presumed
(E,E.E) and hence species 84. Ignored by Pedley, an earlier archive®® presented the
enthalpy of formation of the solid to be 211 kJmol~!, a value ca 10 kImol~! lower
than that would be obtained by extrapolating from the enthalpies of formation of solid
(E)-stilbene (40) and (E,E)-1,4-diphenylbutadiene (38). Admitting the caveats given by
a yet earlier compendium®, we estimate with some callousness the necessary enthalpy
of sublimation to obtain the desired gas phase enthalpy of formation. A value of ca
120 kImol~! is found by averaging the values of other Cig hydrocarbons®!, while using
only polynuclear aromatic hydrocarbons®® would have given us 110 kJmol~'. This sug-
gests that the enthalpy of formation of the gaseous species is between ca 320 and
330 kImol~!. By contrast, the simple olefinic additivity logic would have resulted in
ca 360 kJmol~!. The 30-40 kJ mol~! difference is without explanation. Given the inter-
est in «,w-diphenylpolyenes (generically 85), we recommend the remeasurement of the
enthalpy of formation of 84.

AN N A

(84) (85)

C. Totally Monocyclic Species

By this description we mean all of the conjugated double bonds are found in a single
ring. Two thermochemically characterized examples we know of are tropilidene (1,3,5-
cycloheptatriene) (86) and 1,3,5-cycloctatriene (87). We have already mentioned that
1,3,5-cyclohexatriene and its derivatives will not be directly considered in this chapter
because of the ‘special’ aromaticity of benzene and its derivatives. Were there no addi-
tional strain or resonance effects, then the enthalpy of formation of benzene and tropilidene
would differ by —20.6 kI mol~!, the so-called ‘universal’ methylene increment®. Ignoring
an uncertainty of ca 5 kJmol~! inherent in deciding between Pedley’s (180.9 kJmol~!)
and Roth’s (186.6 kI mol~!) recommended values of the enthalpy of formation of tropili-
dene, the difference for benzene and tropilidene is ca 100 kI mol~! with benzene having
the less positive value. It is unequivocal that the 120 kJ mol~! discrepancy reflects the
aromatic stabilization of benzene — one cannot use this discrepancy to suggest tropilidene
is markedly destabilized.
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(86) 87

Relatedly, one would have expected 1,3,5-cyclooctatriene to have a more negative
enthalpy of formation than tropilidene by the same —20.6 kimol~!. By contrast, the
difference for these enthalpies of formation of species 86 and 87 as derived from experi-
mentally measured enthalpies of formation is ca +12 kJ mol~!. From this we may deduce
that tropilidene enjoys considerable stabilization due to homoaromatic interactions. While
this conclusion is not new®*, nonetheless we find it encouraging to see it corroborated.

D. Totally Bicyclic Species

We also know the enthalpies of formation of the triene, 1,6-(butane-1,4-diyl)-tropilidene
(bicyclo[4.4.1]undeca-1,3,5-triene, 88) as well as of the related tetraene [1,6-(2-butene-1,4-
diyl)-tropilidene, 89] and pentaene [1,6-(1,3-butadiene-1,4-diyl)-tropilidene, 90], respec-
tively®®. Choosing Roth’s suggested value for the enthalpy of formation of the parent
tropilidene so that all four species are taken from the same primary source®®, we find that
attachment of these varying 4-carbon chains increase the enthalpy of formation by —40,
74 and 136 kJ mol~!, respectively. Upon affixing these same 4-carbon chains to benzene
to form tetralin, 1,4-dihydronaphthalene and naphthalene (91, 92 and 7, respectively) the
corresponding enthalpy of formation changes®’ by —57, 51 and 68 kI mol~!.
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That there is less stabilization associated with attachment of —(CHj)4— to tropilidene
than to benzene suggests the greater sensitivity of homoaromatic species to distortion
with concomitant loss of stabilization. This is not altogether surprising. Attachment of
a propane-1,3-diyl chain to tropilidene does not result in the homoaromatic species 93
but instead the ring closes to the [4.3.1]-propelladiene, 94. By contrast, we suspect few
readers would want to consider the corresponding 1,2-(propane-1,3-diyl)-benzene, 95, as
non- or even homoaromatic. After all, this stable species has long been known as either
indane or hydrindane. Relatedly, replacement of CH; by CF,, CMe; or CH,CH, shifts the
equilibrium to the appropriate [4.3.1] or [4.3.2] propellane (species 96—98, respectively).
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It is interesting that attachment of —(CHj)s— and —CH,CH=CHCH; — to benzene results
in nearly the same enthalpy of formation change but it is not obvious how fortuitous this
equality is: we have reasons for considerable skepticism of its validity®®. That formation
of naphthalene from benzene is accompanied by a lessened enthalpy of formation increase
than that of 1,6-methano[10]annulene (yet another name for species 90) from tropilidene
would appear to be more of a strain than a resonance derived effect. From Roth, we
find the resonance energy increase on going from tropilidene to 1,6-methano[10]annulene
is 55 kImol~! and from benzene to naphthalene the increase is nearly the same, nearly
59 kI mol~!. By contrast, the 1,5-methano[10]annulene (99) is less stable by 77 kJ mol~!
than the species it appears most naturally to be compared with, namely the isomeric 90.
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E. Semicyclic Species

This class of compounds is defined to have some of the three conjugated double
bonds found in the ring and others not. This class includes the isomeric 3,3'-
bis(cyclohexenylidenes), 100 and 101. Roth shows us that the two isomers have the
same enthalpy of formation within ca 1 kImol~!, a difference somewhat smaller than
the 4 kImol~! found for the totally acyclic 1,3,5-hexatrienes, 79 and 80 respectively.
Naively these two sets of trienes should have the same (E)/(Z) enthalpy difference.
Given experimental uncertainties, we will not attempt to explain the difference®®. We may
compare 100 and 101 with phenylcyclohexane, 102, an isomeric species which also has
the same carbon skeleton. There is nearly a 110 kJ mol~! enthalpy of formation difference
between the semicyclic and cyclic trienes. We are not surprised, for the word ‘cyclic’ is
customarily replaced by ‘aromatic’ when in the context of the previous sentence.

=0 OO0 U
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Strictly speaking, compounds such as fulvenes, isotoluenes and 3,4-dimethylenecyclo-
butene also qualify as semicyclic trienes. However, they will be discussed in the following
section of this chapter because of their relation to aromatic hydrocarbons.
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VIl. CONJUGATED SPECIES WITH EXO-METHYLENE GROUPS: FULVENES,
ISOTOLUENES, XYLYLENES AND RELATED SPECIES

A. Trivial Names and Nontrivial Compounds

The classes of compounds discussed in this section have ‘trivial’ but ‘generic’ names
that hark back to a more primitive understanding of organic chemistry. The class name
‘fulvenes’ addresses the yellow color of some of their initially discovered examples.
Strictly speaking, these compounds are derivatives of methylenecyclopentadiene, 103. In
Section VII.C below on fulvenes we will extend the discussion to include the energetics
of the ring-contracted methylenecyclopropene, 104, and ring-expanded methylenecyclo-
heptatriene, 105, and thereby include the so-called triafulvenes and heptafulvenes. (These
latter names suggest a more correct name for the derivatives of 103 is pentafulvenes, an
alternative we will not use in this chapter.)

|
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‘Isotoluenes’, discussed below in Section VILD, are tautomeric isomers of alkylben-
zenes wherein the aromatic ring has been sacrificed to form an exocyclic double bond,
and so there is the archaic term ‘semibenzenes’ that has elsewhere been used for these
species. Strictly speaking, the name ‘isotoluene’ itself refers to the two derivatives of
cyclohexadiene (cf 49 and 50) with a single exomethylene group, and so there are the
0-, 106, and p-, 107, isomers. We also recognize the bicyclic species, 108 and 109, that
may both be casually considered m-isotoluenes, as well as tautomers of other alkylarenes
such as 110 and 111, that being suitably isomeric to 1-methylnaphthalene (112) and
9-methylanthracene (113) also qualify as isotoluenes.
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‘Xylylenes’, to be discussed in Section VILE, have the same formal relation to xylenes
as ethylene does to ethane, namely two fewer hydrogens with a compensatory, additional
double bond. More properly then, o- and p-xylylene, 114 and 115, are recognized as
derivatives of 1,3- and 1,4-cyclohexadiene (49 and 50) with two exomethylene groups.
(They are also recognized as derivatives of o- and p-benzoquinone, 116 and 117, and
so there is the alternative name of quinodimethans.) There is also a species called m-
xylylene that has been alternatively drawn as 118, 119 and 120. We will also consider the
ring-contracted 3,4-dimethylenecyclobutene, 121, under the generic category of xylylenes

as well.
(0] (0]
siieNogle
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The compounds in this section— fulvenes, isotoluenes, xylylenes —are characterized
by trivial names. Our various reference citations document their nontrivial chemistry:
isomerization, polymerization and oxidation befall the unwary experimentalist who would
study them.

B. Conjugation and Cross-conjugation

In the title to this section we referred to fulvenes, isotoluenes and xylylenes as conju-
gated species. Strictly speaking, we should have referred to them as cross-conjugated. Let
us thus begin with a definition. By cross-conjugated, we mean species with the substruc-
ture C=C(—C=C); as opposed to C=C—C=C—-C=C, that is, they are formal derivatives
of 1,1-divinylethylene as opposed to 1,2-divinylethylene. It is a common assumption in the
study of energetics of organic compounds that cross-conjugation results in less resonance
stabilization than conventional conjugation. Is this assumption quantitatively corroborated
by the thermochemical literature?

The simplest cross-conjugated polyene is 122, 3-methylene-1,4-pentadiene or 1,1-
divinylethylene itself. Accepting the analysis in Reference 2 that was made using
Roth’s data, we find this species to be some 23 kImol~! less stable than the simplest
conjugated polyene, 80, (E)-1,3,5-hexatriene or 1,2-divinylethylene. The next simplest
cross-conjugated polyenes are 3-methylene-1,4,6-heptatriene, 123, and 3,4-dimethylene-
1,5-hexadiene, 124, that would naturally be compared with (E,E)-1,3,5,7-octatetraene,
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125. While we know of no experimental thermochemical data for 123, Roth informs
us that the enthalpy of formation of 124 is 259 kImol~!. There are no experimental
thermochemical data for 12§ either, but it is easy to estimate the desired enthalpy of
formation. We may either use the standard olefin approach with ethylene, 1,3-butadiene
and (E)-1,3,5-hexatriene (i.e. with CH,=CHj, 33 and 79) or linearly extrapolate these
three unsaturated hydrocarbons. From either of these approaches, we find a value of ca
225 kI mol~!. Cross-conjugation costs some 35 kJ mol~! in the current case. Interestingly,
the directly measured cross-conjugated 1,1-diphenylethylene (126) is only ca 10 kJ mol~!
less stable than its directly measured conjugated (E)-1,2-isomer (40) despite the expected
strain effects that would additionally destabilize the former species.

T e

(122) (123) (124)
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(125) (126)
C. Fulvenes

Part of the folklore of nonbenzenoid hydrocarbons suggests fulvenes are on the nonaro-
matic/aromatic border. It is thus not obvious whether these species really belong in this
chapter. Yet, because their aromaticity is so much less than that found for their isomeric
benzenoid derivatives’® we feel confident to proceed. Other than the parent hydrocarbon”!
species 103 [i.e. 127 wherein (R!, R?) = (H, H) most of the other thermochemically char-
acterized fulvenes have substitution on the exomethylene carbon; cf (R1 , Rz) = (H, Me)71,
(Me, Me)72 and (Ph, Ph)73: for reference, the suggested enthalpies of formation of the
(H, H), (H, Me), (Me, Me) and (Ph, Ph) species are 224, 185, 144 and 402 kJ mol !,
respectively. Were all differences in steric interactions and contributions from the dipo-
lar resonance structures of the generic type 128 negligible, then AH¢ (127, R!, R?) and
AH(CH,=CR'R?) would be linearly related. We find that a nearly perfect straight line

R! R? R'_+ R?

©

(127) (128)
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FIGURE 1. Enthalpies of formation of CsH4=CR!R? vs CH,=CR'R?

for olefins vs fulvenes (equation 35) can be drawn’ through the (H, H), (H, Me) and
(Me, Me) points:

AH¢(127,R', R?) £ 1.3 = (1.152 + 0.026)AH(CH,=CR!R?) + (163.0 £ 0.9) (35)

The 2 for this line is 0.9995 with a standard deviation of ca 0.9 kJ mol~! (Figure 1).
The deviation for R! = R2 = Ph (129) is some 43 kI mol~! below the line. If the exo-
methylene/ring bond is quite polar and resonance structures 128 are significant (130 is
easily ignorable), then AH¢ (127, R!, R?) and AH(O=CR!R?) would be more likely
to be linearly related. Another nearly perfect line, that of carbonyls vs fulvenes, can be
drawn through the (H,H), (H,Me) and (Me,Me) points (equation 36).

AH(127, R, R?) £ 2.7 = (0.734 £ 0.075)AH(O=CR'R?) + (304.8 £ 5.9)  (36)

Rl - _R?

O ©

(129) (130)

The 72 is but 0.998 with a standard deviation of ca 1.0 kJmol~! (Figure 2). Again the
diphenyl species 129 is sorely deviant, this time above the line by some 59 kImol~!,
i.e. in the opposite direction. Despite the nearly £15 kJmol~! uncertainty reported for
the measurement for enthalpy of formation of diphenylfulvene, these results suggest the
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FIGURE 2. Enthalpies of formation of CsHy;=CR'R? vs O=CR'R?

fulvene exo-methylene/ring bond is of polarity intermediate between those of ‘normal’
olefins and ketones. This conclusion is consistent with the general idea of some — but not
‘that much’ — polarity in fulvenes.

Consider now the one ring-substituted fulvene for which we have a measured enthalpy
of formation, namely the ring tetramethylated derivative 131 with its value of 83 kJ mol~'.
If benzene is the appropriate paradigm for fulvene, then reaction 37 is expected to be
essentially thermoneutral.

103 + 4PhMe —— 131 + 4CgHs 37)

If an olefinic paradigm is appropriate for fulvene, then reaction 38 would be more likely
to be thermoneutral.

103 + 4(132, R = Me) — 131 +4(132,R = H) (38)
R
(131) (132)

From the enthalpies of formation from Roth for the fulvenes and from Pedley for the
other hydrocarbons in equations 37 and 38, we find the former reaction is exothermic by
12 kJmol~! while the latter is endothermic by 12 kJmol~"'. Tonic resonance structures
analogous to 128 are expected to be of less importance for the ring alkylated species
than for the parent species 103: negatively charged carbon is destabilized by adjacent
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electron-donating groups. Nonbonded Me...Me and Me...CH; repulsion further destabilize
the tetramethyl species. As such, reactions 37 and 38 are more endothermic than the
above numbers suggest. We conclude that the understanding derived from equation 37 is
untenable. Equivalently, fulvene is more olefinic than benzenoid, a result we have already
concluded.

The parent triafulvene, 104, is the sole representative of this hydrocarbon class for which
there is a suggested enthalpy of formation”®, namely 423 kJmol~'. If the conjugative
interactions of the exo-methylene with cyclopropene and cyclopentadiene were the same,
then equation 39 would be thermoneutral.

103 + cyclo-[CH2(CH),] — 104 + cyclo-[CHa(CH),] (39)

In fact, it is some 56 kJ mol~—! endothermic. Part of small ring folklore’® asserts that intro-
duction of trigonal carbons into 3-membered rings is energetically expensive compared
to acyclic paradigms. In that 5-membered ring compounds are generally ‘normal’, much
the same is expected when comparing the directly relevant 3- and 5-membered rings; cf
equations 40 and 41:

cyclo-[(CHz)3] + cyclo-[(CH2)4C=CHz] —— cyclo-[(CH2),C=CHz]
+cyclo-[(CHa)s] (40)
cyclo-[(CH2),C=CHz] + cyclo — [(CH2)3(CH)2] —— cyclo-[CH2(CH):]
+cyclo-[(CH)4C=CH,]  (41)

These reactions, going from no sp? carbon to one in a 3-membered ring, and from one
to two respectively, are endothermic by ca 59 and 55 kImol~!. This suggests that going
from two to three sp? carbons in a three-membered ring will also be endothermic by
ca 50-60 kJ mol~!. Correcting for this suggests equation 39 would be essentially ther-
moneutral were there no special strain effects in 3-membered rings. As such, we conclude
that the conjugative effects of the exo-methylene on cyclopropene and cyclopentadiene
in the formation of triafulvene and fulvene, respectively, are nearly the same. This is a
surprising result given the reversed polarity of these hydrocarbons; cf ionic resonance
structures 128 and 133.

What, then, can be said about heptafulvene, 105? No direct measurement of the enthalpy
of formation of 105 has been reported. However, there are chronicled”” measurements
of its enthalpy of hydrogenation’®, —386 kJmol~!. The enthalpy of formation of the
hydrogenation product, methylcycloheptane (134), remains unmeasured. However, the
difference of this value and of the demethylated counterpart, cycloheptane, is not likely
to be significantly dissimilar from the differences found for the pairs methylcyclohexane
and cyclohexane, methylcyclopentane and cyclopentane, and even the acyclic isobutane
(“2-methylpropane’) and propane. These last differences average ca 30 kJmol~! and thus
we deduce AH(134, g) = —148 kImol~! and AH{(105, g) = 238 kImol~!. Is this last
value plausible? Let us compare 105 with tropone, 135. The enthalpy of formation of 105
is found to be 194 kJ mol~! more positive than that of 135. By contrast, the difference of
enthalpies of formation of methylenecyclohexane and cyclohexanone, methylenecyclopen-
tane and cyclopentanone, and isobutene (‘methylenepropane’) and acetone (propanone)
average some 203 kI mol~!. This does not make sense in that we might have thought that
tropone would enjoy more resonance stabilization than heptafulvene. Yet we recall that
conjugated «,B-unsaturated carbonyl compounds have less resonance stabilization than

the sterically comparable and isoelectronically related dienes’®.
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D. Isotoluenes

It is interesting to note that 100 years ago the first isotoluene was discovered®® and
60 years ago its thermochemistry was investigated®!. However, this compound has gen-
erally remained misnamed and so its interesting structural feature was ignored by most
chemists. Then again, the incorrect name itself evinces interest (hexaphenylethane) —by
contrast, the mere length (and, implicitly, the complexity) of its more ‘systematic’ name 4-
(triphenylmethyl)-1-(diphenylmethylidene)-2,5-cyclohexadiene, 136, disguises its unusual
structural features®?. Much more recently, the enthalpies of formation of both o- and p-
isotoluene (106 and 107, respectively) have been determined: the former by both positive®
and negative®*83 ion chemistry, the latter only by the latter®*83. The positive ion exper-
iment suggests an enthalpy of formation of 172 kImol~!. The negative ion experiments
suggest the enthalpies of formation of the isotoluenes lie some 100 + 17 kJ mol~! above
that of toluene and so are numerically ca 150 & 17 kImol~!. Are any of these values
reasonable? The following outlines our confusion.

Ph Ph

Ph

Ph Ph

(136)

The first observation is that the two isotoluenes have nearly the same enthalpy of for-
mation as had been seen for the isomeric cyclohexadienes in Section V.C. This suggests
that conjugation energy in both of these species is small because the o- and p-isotoluenes
are formally conjugated and cross-conjugated trienes, respectively. Yet, there is consid-
erable conjugation energy in the isotoluenes as demonstrated by the 25 (using data from

Reference 83) or 50 kJ mol ™! (using data from Reference 84 and 85) exothermicity of
the formal reactions 42a and 42b.

49 + cyclo-[(CH;)sC=CH;] —— 106 + cyclo-[(CH> )s] (42a)
50 + cyclo-[(CH;)sC=CH,] —— 107 + cyclo-[(CH3)s] (42b)

Remembering that a typical endothermicity of very approximately 5 kJ mol~! is found
when there is no strain accompanying combination of two olefins to form a conjugated

diene?324, the cyclization reaction of (Z)-1,3,6-heptatriene, 137 (equation 43)
137 —— 107+ H, (43)

is naively expected to be endothermic by that ca 5 kJmol~! as well. From a plausible
enthalpy of formation of ca 162 kI'mol~! for the acyclic triene, we deduce the enthalpy
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of formation of 106 to be 163 kJ mol~!. Considering all the assumptions, it is not unrea-
sonable that a value as small as 150 kJ mol~' may arise®°.

Finally, our earlier experience®’ suggests the difference of the enthalpy of formation
of benzo- p-isotoluene, 110, and p-isotoluene, 107, should be comparable to that of the
cyclohexadienes 49 and 50 to the dihydronaphthalenes, 138 and 92, and to cyclohexene,
139, to tetrahydronaphthalene, 91, and thus to the ca 31 kJ mol~! found for general
benzoannelation. Admitting there are complications with the enthalpies of formation of
the former pair of species (see Section V.C), let us use those of the latter pair and
their difference of 31 kJmol~!. From Reference 85 (using both negative and positive
ion chemical techniques and logic), we find 110 has an enthalpy of formation some
65 kImol~! higher than that of 1-methylnaphthalene, 112. From Reference 88, we find
the latter number, 113 kI mol~!, and so derive the enthalpy of formation of 110 to be
180 kJ mol~!. From this we conclude that the enthalpy of formation of p-isotoluene, 107,
is ca 150 kI mol~!. This is consistent with one of the suggested experimental numbers,
but violates our intuition as noted above®.

137) (138) (139)

E. Xylylenes

As with the isotoluenes, there are two sets of independent, but also indirect, measure-
ments from which the enthalpy of formation of o-xylylene, 114, can be derived. One
study interrelated this species by varied equilibration measurements involving the iso-
meric benzocyclobutene 140 and the hydrogenation enthalpy of the latter hydrocarbon
to bicyclo[4.2.0]octane, 141. The value of 254 kJ mol~! was derived by Roth from this
study. The second study®® employed what are now relatively primitive quantum chemical
calculations to assist in their understanding of ion—molecule reactions, most notably pro-
ton affinity measurements involving the 2-methylbenzyl cation, 142. An alternative value
of 234417 kI mol~! was initially derived here. One can be convinced these independent
values are roughly consonant if the suggested error bars are employed. Yet it should be
admitted that the authors of Reference 90 suggested a value of 230 % 17 kI mol~! for
the p-isomer, 115, from related analysis involving the 4-methylbenzyl cation, 143. How-
ever, this value was amended to 203 & 17 kJmol~! in a relatively recent compendium®!
by use of experimentally measured enthalpies of halide transfer reactions®2. In turn, use
of a new and nearly completed proton affinity scale®® results in a value somewhat less
than 200 kImol~! for AH; (115). The same analysis suggests a comparable enthalpy of
formation for the o-isomer, 114. So, which value is to be preferred for the enthalpy of
formation of (either) xylylene, ca 200, 230 or 250 kJ mol~!? The origin of the discrep-
ancy evades us, as does any explanation for the observation that the two xylylenes should
have nearly the same enthalpy of formation®*.

Let us now turn to the ring-contracted xylylene 3,4-dimethylenecyclobutene (121).
Does Roth’s preferred enthalpy of formation value of 336 kJ mol~! look plausible? In the
absence of both ‘special’ strain and resonance energy contributions, the difference of the



100 Joel F. Liebman

CH," CH,"
[
/
(140) (141) (142) (143)

enthalpies of formation of 121 and benzene would equal the difference of the enthalpies of
formation of 2,3-dimethyl-1,3-butadiene and 2,4-hexadiene. That is, the following reaction
would be essentially thermoneutral;

121 + MeCH=CHCH=CHMe —> 6 + CH,=CMeCMe=CH, (44)

Taking the former value from Pedley (45.1 & 1.1 kImol™") and the average of the values
for the (Z,Z)-, (E,Z)- and (E,E)-2,4-hexadienes (species 144, 145 and 146, ca 48 kI mol~!
from Reference 12), we derive the enthalpy of formation of 121 is 86 kimol~!. The
discrepancy is 250 kJmol~!, a large but mostly sensible number. That is, we recover
all but ca 30 kImol~! of this exothermicity by summing the new destabilization arising
from the strain energy of a 4-membered ring (ca 109 kJ mol~!) and the loss of resonance

energy of benzene as defined by Roth (fortuitously also, ca 109 kJ mol~!). Relatedly, the
exothermicity of the formal reaction 45

121 + cyclo-[(CH2)3(CH)2] —— 103 + cyclo-[(CH,)3C=CH;] 45)
(144) (145) (146)

is ca 25 kIJmol~!. Using the more classical calorimetric measured value for the enthalpy
of formation of o-xylylene, a comparable exothermicity is found for the following putative
thermoneutral reaction (equation 46) involving this species along with 1,3-cyclohexadiene
and cyclobutene:

121 +49 —— 103 + cyclo-[(CH;)2(CH),] (46)

That equations 44, 45 and 46 find species 121 equally destabilized suggests either an
error in the measurement and/or an error in our understanding of the energetics of 3,4-
dimethylenecyclobutene.

VIil. ANNULENES: AROMATICITY AND ANTIAROMATICITY
A. If We Study Cyclooctatetraene, Why Not Benzene?

When starting this chapter we promised ourselves and the reader not to consider benzene
and its derivatives. Cyclooctatetraene [or more properly (Z,Z,Z,7)-1,3,5,7-cyclooctatetra-
ene, 147] is generally recognized as a polyene and so this latter compound would appear
to belong here. How can we do one and not the other? Therefore, in this concluding
section of the chapter, we briefly discuss the enthalpies of formation of some of the
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[n]annulenes, those cyclic conjugated polyenes with the generic formula C,H,,. There are
experimentally determined values for n = 6 (benzene), 8 (cyclooctatetraene), 16 and 18,

species 6, 147, 148 and 149, respectively®.

B. How Aromatic or Antiaromatic are [8] and [16]Annulenes?

Regardless of how we wish to define the resonance stabilization of the n = 6 case of
benzene, it is unequivocal that this substance enjoys considerable stabilization relative to
‘classical’ expectations related to acyclic and/or less unsaturated precedent. Rather than
discussing the plethora of models and even greater experimental evidence that documents
this ‘aromaticity’, we consider benzene itself as the paradigm. We will return to olefinic
paradigms later in this section.

More precisely, let us consider the enthalpies of reaction for the formal process 47:

n/6[C¢Hs] —— C,H, (47)

We start with the n = 8 case and thus species 147. For the liquid and gas, the enthalpies of
reaction are 189.1 and 185.7 kJ mol~! endothermic, respectively, while for the solid with
temperature-uncorrected enthalpies of fusion, the reaction is found to be 189.9 kJmol~!
endothermic. These numbers are essentially indistinguishable and this near-equality encou-
rages us to consider data for reaction 47 from any of the three phases as equivalent to
each other and equal to ca 188 kImol~!. For the n = 16 case, there are thermochemical
data only for the solid phase of [16]annulene, 148. Using this enthalpy of formation of
148, 547.5+11.7 kI mol~!, and that of solid benzene by use of a temperature-uncorrected
enthalpy of fusion, this reaction is found to be some 373 kImol~! endothermic. That
373 is greater than 188 does not mean that [16]annulene is more destabilized than its
8-carbon analog. Numbers associated with aromaticity and antiaromaticity have usually
been normalized by dividing by the number of carbon atoms and/or w-electrons. Accord-
ingly, dividing these two destabilization numbers by 16 and 8, respectively, results in the
more significant stabilization per carbon (or per m-electron). These last two numbers, 23.3
and 23.6 kJmol~!, are essentially equal. We thus conclude that the aromaticity — more
precisely, the antiaromaticity — of species 148 and 147, [16] and [8]annulene, are essen-
tially equal.

C. [18]Annulene and Acyclic Polyenes

Let us turn to [18]annulene, 149, for which there are two sets of measurements. The
first set consists of direct enthalpy of combustion and thus of formation’®. From the
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latter datum, 163.4+16.7 kImol~! for solid 149 and our phase change independence
assumption, we find reaction 48 to be exothermic by some 46 kJ mol~'. Equivalently,
benzene is ca 2.5 kI mol~! more aromatic per carbon than [18]annulene. As noted by the
authors of Reference 96, this difference seems too small: [18]annulene does not behave
that aromatic. These latter authors redetermined the enthalpy of formation of 149 by
analyzing the enthalpy of the decomposition reaction to form benzene and 1,2-benzo-
1,3,7-cyclooctatriene, 150, in reaction 48:

149 — 6 + 150 (43)

On the basis of some judicious measurements and relevant estimations, the enthalpy of
formation of gas phase [18]annulene was derived®’ to be ca 519422 kImol~!. From this
we conclude that benzene is ca 15 kI mol~! more aromatic per carbon than [18]annulene.
This value seems too large.

Although we cannot as yet converge on a desired enthalpy of formation of gaseous
[18]annulene®®, it is quite apparent that this last number is suspect in terms of at least two
acyclic paradigms for aromaticity. Recall the Dewar-Breslow definition®® for aromaticity
and antiaromaticity of an [n]annulene in terms of the corresponding acyclic polyene with
n/2 double bonds. There is no experimental measurement of the enthalpy of formation of
all-(E)-1,3,5,7,9,11,13,15,17-octadecanonaene, species 151. However, we should be sur-
prised if this value seriously differed from that of nine ethylenes and 8(5) kJ mol~!, the
5 kJ mol~! being taken as the enthalpy of reaction 19 for unstrained olefins and dienes'%.
The enthalpy of formation of 151 is thus ca 513 kImol~'. This is somewhat less than
the value for [18]annulene and so we would conclude that the cyclic species is essen-
tially nonaromatic!®!. Alternatively, consider the series of acyclic polyenes, ethylene,
1,3-butadiene, 1,3,5-hexatriene, .... The gas phase enthalpies of formation are respec-
tively 52.5, 110.0, 165.1, ... corresponding to an enthalpy of formation of an acyclic and
unstrained —CH=CH— (or alternatively =CH—CH=)'%? group of ca 56 kJ mol~'. Were
[18]annulene totally strainless and totally without aromaticity (as opposed to delocaliza-
tion), one could say that it was composed of nine such groups. The enthalpy of formation
of 151 would then equal ca 9.56 or 504 kJ mol~!. This number is less positive than the
recommended enthalpy of formation of [18]annulene. Do we want to consider this species
to be antiaromatic'%3? The source of the error is not apparent.

(150)

A N N N T N N

(151)

D. Annulenoannulenes

We close this chapter with a brief discussion of [n]annuleno[n’]annulenes, those species
composed of two ortho-fused annulenes. Using the same closed shell criterion as for
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[n]annulenes themselves, we find that there are but five species that fulfill this description
for which thermochemical data are derivable from experiment: pentalene (152), naphtha-
lene (7), azulene (153), bicyclo[6.2.0]deca-1,3,5,7,9-pentaene (154) and octalene (155).
We obtain the enthalpy of formation of 152 by assuming reaction 49 involving it and its
1,3,5-tri-t-butyl derivative, 156, is thermoneutral,

156 + 3PhH —— 152 + 3'-BuPh (49)

o O

(152) (153) (154)

(155) (156)

Is this value of 330 kJmol~! plausible? Were pentalene a normal polyene, we would
anticipate an enthalpy of formation of ca 4.52.545.5 or ca 235 kJ mol~!. There is thus ca
100 kJ mol~! of destabilization. Is this due to antiaromaticity since we recognize pentalene
as a derivative of planar [8]annulene? We think not, for there are two five-membered rings
in pentalene each contributing ca 30 kJmol~! of strain apiece!%?.

The next three annulenoannulenes—species 7, 153 and 154 —are isomers with
enthalpies of formation 150.3, 307.5 and (from Roth) 514.2 kJ mol~!. In terms of
combining ethylenes to form polyenes, their shared acyclic reference energy'®® would
be 293 kJmol~!. It is clear that naphthalene is aromatic and viewing it as a polyene is
ill-advised. It is clear that species 154 is strained by at least ca 100 kJmol~! as befits the
presence of a four-membered ring. We find further disentangling the competing roles of
destabilizing strain and stabilizing aromatic delocalization is problematic.

Turning now to octalene, were species 155 a normal polyene, its enthalpy of formation
would be ca 407 kJmol~!. Instead, the experimentally determined value is 551 kJmol~!.
This suggests considerable destabilization much as found in its component cyclooctate-
traene rings: after all, cyclooctatetraene itself is destabilized by ca 60 kImol~! relative
to the acyclic octatetraene. Octalene is not a simply modified derivative of [14]annulene
(157) or even of all-(E)-1,3,5,7,9,11,13-tetradecaheptaene, 158. Regrettably, it evades us
how to make the necessary ‘wiggle-worm corrections’ to relate general polyenes, annu-
lenes and annulenoannulenes. But we do not wring our hands. Perhaps in time to contribute
to a future supplement to this volume we will have gained the necessary insights to make
these interrelations, comparable in qualitative and quantitative understanding of the other
dienes and polyenes that fill this chapter.
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hydrogenated or saturated species need not be available. The use of Hess’s law discourages us
from employing enthalpies of formation obtained by using molecular mechanics. So does our
prior experience (e.g. References 1 and 2) in making estimates to accommodate for missing
enthalpies of formation. In the current study we use molecular mechanics in the following,
relatively limited sense. In Reference 8, Roth empirically measured enthalpies of hydrogenation
and accompanied these numbers by molecular mechanically calculated enthalpies of formation
of saturated hydrocarbons to derive the enthalpies of formation of the dienes and polyenes of
direct interest in this chapter. The current author did not deem it necessary or even desirable to
estimate de novo the enthalpies of formation of the saturated species.

For simple alkenes there is a ca 4 kImol~! difference in the enthalpy of hydrogenation for
their single internal double bond. See References 11 for the isomeric hexenes; D. W. Rogers and
K. Dejoongruang, J. Chem. Thermodyn., 20, 675 (1988) for isomeric heptenes; and D. W. Rogers,
K. Dejoongruang, S. D. Samuel, W. Fang and Y. Zhao, J. Chem. Thermodyn., 24, 561 (1992)
for isomeric octenes.

We take here twice the ‘universal methylene increment’ (cf Reference 1) as found in the liquid
state, i.e. 20.6 4+ 4.7 where 20.6 is the usually proposed (gas phase) value and 4.7 is (within a
sign) the enthalpy of vaporization or condensation per carbon for an arbitrary organic compound
as suggested in Reference 4.

B. Lebedev and N. Smirnova, Macromol. Chem. Phys., 195, 35 (1994).

Said differently, in the absence of interolefin interactions within and between polymer molecules,
the enthalpy of polymerization should reflect the release of strain energy of the precursor
monomer cycloalkene. From our earlier knowledge of cycloalkenes [e.g. J. F. Liebman and
A. Greenberg, Chem. Rev., 76,311 (1976) and A. Greenberg and J. F. Liebman, Strained Organic
Molecules, Academic Press, New York, 1978], we conclude cyclohexene is less strained than
cyclobutene, cyclopentene, cycloheptene and cyclooctene. Another reason for suspicion is that the
enthalpies of polymerization and of hydrogenation of cyclohexene and its 4-methyl derivative
are not expected to be particularly different, yet the polymerization of the former is reported
(under all conditions) to be some 30 kJmol~' more negative than the latter. Reference 27
gives us the enthalpies of formation and polymerization of 4-methylcyclohexene, —75 £ 4
and —1 kImol~!, respectively: the enthalpy of formation of poly(4-methylcyclohexene) is thus
—76 kJmol~!. We can roughly estimate the enthalpy of formation of the saturated counterpart
of the polymer, i.e. [-(CH,)sCHMe—] in two ways. The first starts with [—(CHy)¢—], the sat-
urated counterpart of polymerized cyclohexene. We would predict its enthalpy of formation
to be —5446/2 = —162 kImol~!. From the values in Pedley, we find the average differ-
ence of the enthalpies of formation of liquid n-alkanes and arbitrary monomethyl derivatives
is ca — 31 kJmol~! and so AH¢([-(CH2)sCHMe], 1q) ~ —193 kJ mol~!. Alternatively, we
can start with liquid [—(CH2)7—] and its enthalpy of formation of —54+7/2 = —189 kJ mol~!
and ‘correct’ it to —193 kJmol~! by the ca — 4 kJmol~! that accompanies isomerization of a
—CH;,CH;— unit in a liquid n-alkane to —CHMe—. We thus find the hydrogenation enthalpy of
poly(4-methylcyclohexene) is ca — 117 kI mol~!, an entirely reasonable and adequately prece-
dented value. Summarizing, save the possibility of experimental error in the enthalpy of formation
of the polymer of cyclohexene, the source of the discrepancy remains evasive.

The reader should not be bothered by the presence of solid carbon among the formal prod-
ucts of reaction 12. However, we can correct for it by explicitly considering the enthalpy of
formation of ‘gaseous graphite’ or, equivalently, the sublimation enthalpy of graphite. One esti-
mate of this quantity assumes a value of 6.1 kImol~! as suggested for polynuclear aromatic
hydrocarbons [S. E. Stein, D. M. Golden and S. W. Benson, J. Phys. Chem., 81, 314 (1977)].
[Alternatively, following from the estimate of the enthalpy of formation of ‘gaseous diamond’
[D. Van Vechten and J. F. Liebman, Isr. J. Chem., 21, 105 (1981)], we derive a value of between
4.7 and 9.4 kI'mol~'.] Replacing C(s) by gaseous graphite results in endothermicity of reaction 12
of ca 135 kI mol~'.

We choose ‘one-half’ so that the difference quantity corresponds to the enthalpy difference for
one allene unit, where we remind the reader that the difference of the enthalpies of formation of
an allene and the corresponding olefin is the same as the enthalpy of the ‘formal decarbonization’
reaction of the allene that forms the olefin and solid, graphitic carbon.

V. A. Luk’yanova, L. P. Timofeeva, M. P. Kozina, V. N. Kirin and A. V. Tarakanova, Russ. J.
Phys. Chem., 65, 439 (1991).
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We can narrow the difference from 10 kJmol~! even further once it is remembered that in
the comparison of meso-bisallene, 27, and (Z, Z)-diene, 29, there are two extra alkylallene and
alkylolefin interactions for which a stabilization of ca 3 kJmol~! for the latter was already
suggested. Admittedly, comparison with the corresponding 1,5-cyclooctadiyne suggests strain-
derived anomalies. From the enthalpy of hydrogenation, and thus derived enthalpy of formation,
of this diyne from W. R. Roth, H. Hopf and C. Horn, Chem. Ber., 127, 1781 (1994), we find
1/28 (bis-allene, bis-acetylene) equals ca — 80 kJ mol~!. We deduce that the discrepancy of this
last § quantity from the others is due to strain in the cyclic diyne.

We can return to ‘normalcy’ by reversing the sign and speaking of 15.7 kI mol~! as the conjuga-
tion energy of butadiene. This seeming ambiguity of sign is very much like that electron affinity.
‘Everyone knows’ that butadiene enjoys stability over that of two ethylenes. ‘Everyone knows’
that atomic chlorine wants another electron to form Cl~. Conjugation energies, like electron
affinities, are thus naturally negative. Therefore, since we have but one sign to consider in the
current context, it is often ignored.

W. R. Roth, H.-W. Lennartz, W. v. E. Doering, W. R. Dolbier, Jr. and J. C. Schmidhauser, J.
Am. Chem. Soc., 110, 1883 (1988).

J. F. Liebman, Struct. Chem., 3, 449 (1992).

We admittedly ignore some of the dienes discussed in Reference 23 for which free energies are
available. Not knowing entropies and solvent effects precisely, and acknowledging that rather
small effects are relevant to the current discussion, we conclude that free energies are not free.
More work is needed for the use of Gibbs energies than for enthalpies.

See References 12 and 23, and elsewhere in this chapter.

W. J. Hehre, R. Ditchfield, L. Radom and J. A. Pople, J. Am. Chem. Soc., 92, 4796 (1970).

We might have thought that a-diketones would have less stabilization by this definition than
conjugated dienes. After all:

(a) with its positive oxygen, the resonance structure *O—C=C—O~ looks less stabilizing than
the one with positive carbon *C—C=C—-C~;

(b) the carbon oxygen bond in ketones is polarized C’*—0% and thus there is coulombic
repulsion in the diketone;

(c) to mollify (b) by decreasing the partial positive charge on carbon, the diketone ‘enjoys’ less
ionic/covalent resonance than the monoketone fragments.

We are surprised.

We admit some cowardice. Most of our earlier estimates of entropy invoked symmetry numbers
and/or were studies of bond cleavage reactions dominated by translational effects. We hesitate to
compare isomers with the same carbon or heavy atom skeleton when effects of a few kJ mol~!
are crucial.

We are being somewhat disingenuous in that we are taking the difference here of the enthalpy of
formation of the ‘naturally’ liquid (Z)-isomer and of the liquid (E)-isomer obtained by summing
the value for the solid and the ca 27 kI mol~! enthalpy of fusion (at 398 K) from Domalski.
We know of no measurement of the enthalpy of fusion for (Z)-stilbene at any temperature from
which to derive an enthalpy of formation for the solid.

Because of its carbene functionality, our decision to consider only the parent hydrocarbons would
mean that cyclopropenylidene would be ignored here even if monoolefins were of relevance.
This philosophy accounts for our ignoring the energetics of the isomeric carbenes, propargylene
(HCCCH) and propenylidene (CH,CC), in the earlier section on cumulenes in the current chapter.
It is interesting to note that there are enthalpy of formation data for solid and gaseous tetra-
t-butyltetrahedrane, but not for its more stable valence isomer, tetra-z-butylcyclobutadiene;
cf G. Maier, Angew. Chem., Int. Ed. Engl., 27, 309 (1988). This review cites unpublished
enthalpy of combustion measurements (M. Ménsson) and enthalpy of sublimation measurements
(C. Riichardt, H.-D. Beckhaus and B. Dogan). We admit our surprise that details of these
measurements remain unpublished.

The reader may recall that the enthalpy of formation of a cyclic bis-allene has been determined
(see Section III.D).

See, for example, the two reviews with enticing compounds by R. P. Johnson:

(a) in Molecular Structure and Energetics: Studies of Organic Molecules (Eds. J. F. Liebman and
A. Greenberg), VCH, Deerfield Beach, 1986.

(b) Chem. Rev., 89, 1111 (1989).
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We now make the a posteriori ‘obvious’ suggestion that determinations of enthalpies of hydro-
genation be made.

This has been quantitated for 1,3-butadiene itself:

(a) M. E. Squillacote, R. S. Sheridan, O. L. Chapman and F. A. L. Anet, J. Am. Chem. Soc., 101,
3657 (1979).

(b) P. W. Mui and E. Grunwald, J. Am. Chem. Soc., 104, 6562 (1982).

(¢) Y.-P. Sun, D. F. Sears, Jr. and J. Saltiel, J. Am. Chem. Soc., 110, 6277 (1988).

This seeming lack of stabilization is disconcerting when it is noticed that the antisymmetric
combination of the two methylene C—H o bonds is of the right symmetry to ‘mix in’ with the
system. As such, cyclopentadiene can be said to enjoy the possibility of 67, and hence aromatic
stabilization.

P. W. Rabideau (Ed.) The Conformational Analysis of Cyclohexenes, Cyclohexadienes and Rela-
ted Hydroaromatic Compounds, VCH, New York, 1989.

G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith and W. E. Vaughn, J. Am. Chem. Soc., 58, 146
(1936).

R. B. Turner, B. J. Mallon, M. Tichy, W. von E. Doering, W. R. Roth and G. Schréder, J. Am.
Chem. Soc., 95, 8605 (1973).

E. Taskinen and K. Nummelin, J. Org. Chem., 50, 4833 (1985). These authors performed the
isomer equilibration at several temperatures and so could use the experimentally derived equi-
librium constant to derive the enthalpy of rearrangement. There was no need for assuming the
entropy of isomerization is O or just determined by symmetry number corrections.

Taskinen and Nummelin (op. cit.) reported many other isomer equilibria in their paper. Most of
these used cyclohexane as the solvent and I, as the catalyst and so are not confounded by solvent
effects. However, these authors noted that hydrogen atom transfer induced disproportionation (to
form the aromatic benzene) dominates this reaction for the case of 49/50 isomerization and so
they needed alternative reaction conditions.

(a) W. V. Steele, R. D. Chirico, A. Nguyen, I. A. Hossenlopp and N. K. Smith, Determination
of Some Pure Compound ldeal-Gas Enthalpies of Formation, NIPER-319, IITRI, Bartlesville,
OK, June 1989.

(b) W. V. Steele, R. D. Chirico, A. Nguyen, I. A. Hossenlopp and N. K. Smith, Am. Inst. Chem.
Eng. Symp. Ser., 85 (271), 140 (1990).

E. Taskinen and K. Nummelin, Acta Chem. Scand., B39, 791 (1985).

We know of three species containing the bismethylenecyclopropane substructure for which
enthalpies of formation are available: the annelated benzocyclopropene and naphtho[b]cyclopro-
pene, and the tris-methylene species, [3]-radialene [see J. F. Liebman and A. Greenberg, Chem.
Rev., 89, 1225 (1989)]. However, none of these data seems particularly useful in the current
context.

R. B. Turner, P. Goebel, B. J. Mallon, W. von E. Doering, J. F. Coburn, Jr. and M. Pomerantz,
J. Am. Chem. Soc., 90, 4315 (1968).

W. R. Roth, F.-G. Klirner and H. W. Lennartz, Chem. Ber., 113, 1818 (1980).

To be honest, this self-imposed limitation was also employed because we lack the desired enthalpy
of formation of any other type of exo, endo-cyclic dienes.

It is to be remembered that the cyclic diene contains a cis-/internal olefinic linkage while the
acyclic diene contains a terminal one. Were the carbon skeleton the same, the difference in
the enthalpies of hydrogenation of (Z)-/internal and terminal olefins should be reflected in the
difference of their enthalpies of formation. For the isomeric butenes, the difference is 7.2 kJ mol !
and for the pentenes, the difference is 9.6 kImol~!. Furthermore, strictly speaking, the data
Pedley gives for the 3-methylenecyclohexene is for the liquid while for the methylcyclohexane
we have enthalpies of formation of both the liquid and gas. The following strategies were
employed here:

(a) Estimate the enthalpy of formation of vaporization of the diene. This gives an enthalpy of
formation of the gaseous diene of 23 kJmol~! and a hydrogenation enthalpy of 177 kImol~'.
(b) Assume the diene and its hydrogenated product have the same enthalpy of vaporization.
Equivalently, the enthalpy of hydrogenation of the liquid diene will be the same as that of the
gaseous species. This also gives a hydrogenation enthalpy of 177 kI mol~!.

We wish to argue that experimental error is the case. Pedley cites liquid phase enthalpies
of formation of —12.7 and —58.7 kImol~! for the isomeric 3-methylenecyclohexene and 2-
methyl-1,3-cyclohexadiene. The difference of these two numbers, -46 kJ mol~!, is meaningfully
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distinct from those of the related species with but one double bond, methylenecyclohexane and
1-methylcyclohexene, —20 kJ mol~!. This is plausible: after all, we have seen unusual ring size
effects with the endo, endo and exo, exo dienes presented earlier in this section. Consider now
the 2-methyl-1,3-cyclohexadiene measurement. Regardless of the precise choice made for the
enthalpy of formation of liquid 1,3-cyclohexadiene (cf the earlier discussion of the gas), a value of
ca 70 kI mol~! appears plausible. This would imply that methylation affects the enthalpy of for-
mation of a 1,3-cyclohexadiene by some —130 kJmol~'. The change upon methylation of liquid
cyclohexene is —42.7 kI mol~!, while for liquid benzene the change is —36.6 kI mol~!. Some-
thing is seriously wrong with the archival enthalpy of formation of 2-methyl-1,3-cyclohexadiene,
and by inference with the value of 3-methylenecyclohexene as well.

D. W. Rogers, F. J. McLafferty, W. Fang and Y. Qi, Struct. Chem., 4, 161 (1993).

D. W. Rogers, F. J. McLafferty, W. Fang, Q. Yang and Y. Zhao, Struct. Chem., 3, 53 (1992).
D. W. Rogers, F. J. McLafferty and K. Channamallu, Struct. Chem., 3, 291 (1992).

The only experimentally thermochemically characterized case we know of is benzene, which
while formally valid is admittedly disingenuous.

We are not distinguishing between through-space, through-bond, or ‘simply’ steric mechanisms,
nor discussing concepts such as homoantiaromaticity or any other ‘prefixed’ or ‘hyphenated’
aromaticity phenomena as explanations for stabilization or destabilization of any of the afore-
mentioned species.

J. F. Liebman, L. A. Paquette, J. R. Peterson and D. W. Rogers, J. Am. Chem. Soc., 108, 8267
(1986).

D. W. Rogers, S. A. Loggins, S. D. Samuel, M. A. Finnerty and J. F. Liebman, Struct. Chem.,
1, 481 (1990). Admittedly, the authors did not separate 74 from the isomeric bicyclo[3.3.0]octa-
2,6-diene but it is unlikely that these two species are that different.

D. Kreysig, R. Friere, H. Aparowsky and J. Schirmer, J. Prakt. Chem., 37, 329 (1968).

Had the compound been less stable than we would predict the discrepancy would have been easier
to explain. One could argue that the gem-dimethyl groups would have resulted in destabilization
because of ‘buttressing’. It is tempting to argue that the triene was contaminated by ‘polymer’
and/or peroxide, both of which have lower enthalpies of formation. But we have no documentation
of this.

D. R. Stull, E. F. Westrum, Jr. and G. C. Sinke, The Chemical Thermodynamics of Organic Com-
pounds, Wiley, New York, 1969.

M. Kharasch, Bur. Stands. J. Res., 2, 359 (1929).

We used all of the Cig hydrocarbons in Pedley and derived their enthalpies of sublimation
by subtracting the recommended enthalpies of formation of the solid and the corresponding
gaseous species. There was considerable variation in the sublimation enthalpies, as seemingly
befits the diverse choice of compounds (and associated crystal packing) including such species
as naphthacene, 6,6-diphenylfulvene, 3,4,5,6-tetramethylphenanthrene, [3.3]paracyclophane and
n-octadecane.

See Stein and coworkers cited in Reference 18.

While there is some dispute about how universal the ‘universal methylene increment’ really is (cf
Reference 1), it is nonetheless generally conceded that a methylene group affixed to two carbons
usually contributes ca — 21 kJmol~! to the gas phase enthalpy of formation.

See W. R. Roth, F. G. Klérner, G. Siepert and H. W. Lennartz, Chem. Ber., 125, 217 (1992)
and D. W. Rogers, A. Pododensin and J. F. Liebman, J. Org. Chem., 58, 2589 (1993) and many
references cited therein.

Species 88-90 are also recognized to be bicyclo[4.4.1]Jundecane derivatives.

Roth gives two values for the enthalpy of formation of 90. We adopt the value from his laboratory
for our current study.

Pedley is the major source of information for all of these 4-carbon bridged benzenes, where we
acknowledge that the enthalpy of the gaseous 1,4-dihydronaphthalene was found by combining
Pedley’s value for the liquid with our estimated enthalpy of vaporization.

Our uncertainty is derived in part from the lack of a measured enthalpy of vaporization, cf
Reference 67. However, what triggered our skepticism is the observation that the isomeric
1,2-and 1,4-dihydronaphthalenes have reported enthalpies of formation that differ by ca
13 kI mol~! while the corresponding species lacking the benzene ring, the isomeric 1,3- and 1,4-
cyclohexadienes, are almost isoenergetic (see Section V.D of this chapter). From J. F. Liebman,
in The Cyclophanes (Eds. P. M. Keehn and S. M. Rosenfeld), Academic Press, New York, 1983,
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we find that benzoannelation normally has a quite constant effect on enthalpies of formation
of nonaromatic species. For example, benzoannelation of cyclopentene, cyclopentadiene and
cyclohexene are accompanied by increases of ca 27, 29 and 31 kJ mol~!, respectively. Taking
a value of ca 30 kJmol~! for the increase, we can think of no reason why the enthalpy of
formation of either dihydronaphthalene should be outside the 130140 kJ mol~! range.

We recall that Fang and Rogers, op. cit., measured the enthalpy of hydrogenation of the acyclic
trienes in a nonpolar solvent instead of acetic acid as earlier reported. However, they did not
remeasure the Z- and E-isomers separately but instead assumed the earlier measured difference
is correct. Said differently, they assumed that the effect on the enthalpy difference of the Z- and
E-hexatriene is essentially independent of solvent. This is plausible but remains untested.

See, for example, R. S. Hosmane and J. F. Liebman, Tetrahedron Lett., 33, 2303 (1992). We
additionally note that in the absence of any conjugative interaction, the difference of the enthalpies
of formation of fulvene (vide infra) and benzene would very nearly equal the difference of the
enthalpies of formation of methylenecyclopentane and cyclohexene. The former difference is
161 kI mol~! while the latter difference is but 17 kJ mol~".

The desired enthalpy of formation of fulvene and of its 6-methyl derivative were determined by
Roth by measurement of the appropriate enthalpy of hydrogenation. The facile polymerization
of this compound precludes conventional bomb calorimetry.

The desired enthalpy of formation of 6,6-dimethylfulvene was determined by Roth citing mea-
surement of hydrogenation enthalpies, and chronicled by Pedley citing enthalpies of combustion
and vaporization. The two results differ by 7 kJ mol~!. We have opted for Roth’s value because
it is in better agreement with a value calculated using Roth’s force field method. It is also to be
noted that measurement cited by Pedley for the neat condensed phase could be flawed by the
presence of partially polymerized fulvene and neither elemental abundance of the compound nor
analysis of the combustion products would have disclosed this. Likewise, the measured enthalpy
of vaporization would not have necessarily uncovered this contaminant.

As documented by Pedley, only enthalpies of combustion and sublimation have been reported
for 6,6-diphenylfulvene. We recommend the measurement of the enthalpy of hydrogenation to
form a-cyclopentyl diphenylmethane to acquire a more precise enthalpy of formation.

The author thanks Suzanne W. Slayden for suggesting and doing this statistical analysis, as well
as providing the accompanying figures.

The number and requisite analysis used to derive it is taken from Liebman and Greenberg
(Reference 44).

J. F. Liebman and A. Greenberg, in The Chemistry of the Cyclopropyl Group, Vol. 1 (Ed. Z.
Rappoport), Wiley, Chichester, 1987.

R. B. Turner, W. R. Meador, W. von E. Doering, L. H. Knox, J. R. Mayer and D. W. Wiley, J.
Am. Chem. Soc., 79, 4127 (1957).

Unlike many of the early hydrogenation studies, this measurement was made in a relatively
nonpolar polyether solvent (with the admittedly misleading name ‘diethylcarbitol’). Because the
solvent is nonpolar, the results for this species are expected to adequately mimic those that would
be found in the gaseous phase.

This conjugated enone/diene difference is more definitively seen in the 184 kJ mol~! decrease in
enthalpy of formation on going from 1-pentene to butanal, in contrast to the 177 kJmol~' going
from (E)-1,3-pentadiene to trans-crotonaldehyde. For further discussion, see J. F. Liebman and
R. M. Pollack, in The Chemistry of Enones (Eds. S. Patai and Z. Rappoport), Wiley, Chichester,
1989.

J. M. McBride, Tetrahedron, 38, 2009 (1976).

H. E. Bent and G. R. Cuthbertson, J. Am. Chem. Soc., 58, 170 (1936).

Admittedly, Ph3C—CPhj3 (literally, hexaphenylethane as drawn) has largely uncharacterized fea-
tures as well. For example, the considerable weakness of the central C—C bond is not paralleled
by the ‘central’ C—C bond in tetraphenylmethane and 1,1,1,2-tetraphenylethane, the sole thermo-
chemically characterized species in which there is a C—(Cg)3 (C*) structural group. [The enthalpy
of formation of the latter species is from H.-D. Beckhaus, B. Dogan, J. Schaetzer, S. Hellmann
and C. Riichardt, Chem. Ber., 133, 137 (1990).]

T. Bally, D. Hasselmann and K. Loosen, Helv. Chim. Acta, 68, 345 (1983).

J. E. Bartmess, J. Am. Chem. Soc., 104, 335 (1982).

J. E. Bartmess and S. S. Griffith, J. Am. Chem. Soc., 112, 2931 (1990).
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This value was obtained by summing the enthalpies of formation of 1,4-pentadiene, ethylene and
ca 5 kITmol~! as in References 23 and 24 and by assuming thermoneutrality for the reaction

EtCH=CH; + (Z)-EtCH=CHCH=CH; —— C3Hg + 137

where the enthalpy of formation of the hexadiene is from Reference 12.

See J. F. Liebman cited in Reference 68.

R. Sabbah, R. Chastel and M. Laffitte, Thermochim. Acta, 10, 353 (1974).

We feel it is about time that we quote the wondrous aphorism ‘things are counterintuitive only
when you have intuition” (Deborah Van Vechten, personal communication).

S. K. Pollack, B. C. Raine and W. J. Hehre, J. Am. Chem. Soc., 103, 6308 (1981).

S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D. Levin and W. G. Mallard, Gas-
Phase Ion and Neutral Thermochemistry, J. Phys. Chem. Ref. Data, 17 (1988), Supplement 1.
R. B. Sharma, D. K. S. Sharma, K. Hiroaka and P. Kebarle, J. Am. Chem. Soc., 107, 3747 (1985).
E. P. Hunter, 1996 NIST Proton Affinity Scale, in preparation. We thank Edward Hunter for
sharing his numbers with us.

We admit that the two isomeric cyclohexadienes have very nearly the same enthalpies of for-
mation. However, it is doubtful that replacement of >CH; by >C=CH; is without significant
steric and electronic consequences. The latter group is larger and both [intermethylene C—H]
and [(1,4)-r-electron] antibonding derived repulsion suggests destabilization arising from vicinal
>C=CH; groups. We thus expect o-xylylene to be significantly less stable than its p-isomer. We
wonder if these two CgHg species found with nearly the same enthalpy of formation are really
the same compound, although it appears unlikely that it be either styrene or heptafulvene.

We naturally exclude here the cyclopropenyl, cyclopentadienyl and cycloheptatrienyl radicals,
all of which can also be recognized as cyclic C,H,, species much as we did not include in our
discussion the enthalpies of formation of allyl and pentadienyl radical as part of our analysis of
polyenes such as butadiene and hexatriene.

A. E. Beezer, C. T. Mortimer, H. D. Springall, F. Sondheimer and R. Wolovsky, J. Chem. Soc.,
216 (1965).

J. F. M. Oth, J.-C. Biinzli and Y. de Julien de Zélicourt, Helv. Chim. Acta, 58, 2276 (1974).
We suspect fewer problems would have arisen had Oth and coworkers (see Reference 97) decided
to perform enthalpy of hydrogenation measurements on [18]annulene. Nonetheless, we note that
Oth’s suggested value for the enthalpy of formation of benzo-1,3,5-cyclooctatriene is within
2 kImol~! of that estimated summing Roth’s enthalpy of formation of 1,3,5-cyclooctatriene and
Liebman’s (cited in Reference 68) benzoannelation constant.

(a) R. Breslow and E. Mohachsi, J. Am. Chem. Soc., 85, 431 (1963).

(b) A. L. H. Chung and M. J. S. Dewar, J. Chem. Phys., 42, 756 (1965).

We admit to being somewhat sloppy because we are not distinguishing between (Z)- and (E)-
polyene subunits. However, the reader will recall from Section VLA that in Reference 23 it was
shown that the difference in enthalpies of formation of (Z)- and (E)-1,3,5-hexatriene was ca
4 kI mol 1.

Benzene remains ‘safely’ aromatic by this definition. After all, its enthalpy of formation is
82.6 kI mol~! while that of the reference acyclic species is 167.5 kI mol~!, considerably higher.
In our own notes, we find that we have occasionally written the —CH=CH-— group as
<—CH=CH-> and where the < and > indicate it was a single bond that was deleted or ‘X’d’
out in the generation of the group. In a related way, =CH—CH=, —CH;— and CH,= are written
<=CH-CH=>, <—CH;—> and CH,=>; Mahnaz Motevalli-Oliner and Joel F. Liebman,
hitherto unpublished symbolism.

Benzene remains ‘safely’ aromatic by this definition as well. After all, its enthalpy of forma-
tion is 82.6 kI mol~! while that of the ‘real’ 1,3,5-hexatriene, the reference acyclic species, is
165.1 kI mol~!, considerably higher.

This is by analogy to cyclopentane, cyclopentene and methylenecyclopentane, all from Refer-
ences 17 by Greenberg and Liebman.

We have summed the enthalpy of formation of five ethylenes for the five formal double bonds
and 6(5) for the six formal single bonds by analogy to our discussion of [18]annulene.
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I. INTRODUCTION

Circular dichroism (CD) spectroscopy (and the nowadays less used optical rotatory dis-
persion, ORD) is a well-recognized and powerful tool for the stereochemical investigation
of chiral molecules'. When dealing with the vast class of dienes and polyenes and their
derivatives, it is essential to refer to a specific arrangement of the double bonds. Cumu-
lated systems have been thoroughly reviewed in 1980 by Runge for this same series>.
Double bonds separated by two or more carbon—carbon single bonds can be successfully
described in terms of additive effects arising from the individual olefinic chromophores.
In contrast, a conjugated system must be treated as a single chromophore. We shall limit
the present discussion to alternating dienes and polyenes only.

A distorted conjugated pair of double bonds is an intrinsically chiral chromophoric
system, and its overall chiroptical properties depend on the reduced symmetry of the
chromophore itself as well as on the perturbing action of a dissymmetric environment.

The aim of the present chapter is to discuss in some detail the mechanisms giving
rise to optical activity in these molecules and to examine the main rules formulated for
correlating structure and CD, critically analysing their use and limitations with suitable
examples. Further information can be found in the original literature and in two recent
review articles, by Gawroriski and Walborsky> and by Buchecker and Noack*, covering
the diene and polyene (limited to carotenoids) fields, respectively.

Il. CONJUGATED DIENES
A. Diene Conformations

1,3-dienes can exist in two limiting planar conformations defined as s-trans and s-cis
with respect to the single bond C;—C3 and in non-planar skewed form, often called cisoid
or transoid, with reference to the nearer planar form. The dihedral angle 6 describes this
internal degree of freedom, as depicted in Scheme 1.

We shall conventionally define as positive the clockwise rotations from the double bond
nearer to the observer to the one farther away.

As shown in Scheme 2, positive angles define P-helicity while negative 6 values define
M-helicity.

B. Electronic Absorption Features of the Diene Chromophore

We give here only a brief summary of the electronic absorption spectrum of the diene

chromophore which has been extensively treated by Gross and Schnepp® with reference
to a- and S-phellandrene.
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The possibility of delocalization of the m electrons of the diene system across the
formally o bond between carbon atoms 2 and 3 forces the molecule to be planar, thus we
have two limiting conformations®:

(1) The planar s-trans (e.g. 1,3-butadiene).

//_//

This is the most populated form of 1,3-butadiene, which at room temperature is present in
about 99% abundance>°. The characteristic absorption feature of this chromophore is the
intense band at about 210 nm showing epax larger than 20000. It has been unanimously®
assigned to the m_ — ni(lAg — 1B,) transition of the C,y, chromophore (see Appendix,
Section V).

(2) The s-cis conformation (e.g. cyclopentadiene).

9

In this molecule the diene moiety assumes the C, symmetry and the prominent feature
of its near-UV absorption spectrum is the 240 nm band (gmax 3500), assigned6 to the
same transition 7_ — 7*, now characterized by 'A| — !B, symmetry in the C», point
group (see Appendix, Section V).

Actually, as demonstrated by Gross and Schnepp’, both the s-cis and the s-trans
chromophores possess many other electronic transitions down to 140 nm. However, the
near-UV part of the spectrum has been the most studied and only the lowest energy tran-
sition has been used as a structural probe to solve conformational and configurational
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problems. The present work will therefore be limited to the discussion of this band
alone.

Both theoretical calculations and experimental investigations® on model compounds
indicate that the wavelength of the m_ — n* (also indicated as N — V) transition is
longest (around 250 nm) in the s-cis conformation, reaches a minimum for skewed forms
(190 nm when 6 ~ 90°), where conjugation is inhibited, and again increases (to 220 nm)
for the s-trans structure. The oscillator strength, f, is highest in the s-trans and becomes
much smaller in the s-cis and skewed conformations’.

Increasing the number of conjugated double bonds leads to a marked bathochromic
shift and to a hyperchromic effect, as predicted by Woodward’s and Fieser’s rules.

C. Chiral Dienes and the Origin of Optical Activity

The planar Cy, and Cy, geometries of the 1,3-butadiene moiety are achiral structures
and obviously they cannot show optical activity (i.e. ORD and CD). This has, of course,
a spectroscopic origin. The optical activity of a transition g — W; is determined by its
Rotational Strength (R)' defined as the scalar product

R = Im{po; - mo;} = Im{(Yolu|i) - (Yilm|vo)} ey

where u and m are the electric and magnetic dipole operators, respectively.

As shown in the Appendix (in Section V), in the Cop, point group, the 1Ag — B, (ie.
the monoelectronic 7_ — 7* excitation) possesses only an electric dipole moment, while
in the Cyy structure the electric and magnetic dipole moments, both non-vanishing, are
orthogonal. In both cases the product in equation 1 leads to zero rotational strength.

Optical activity can arise only on reducing the molecular symmetry. This can be
achieved in the following three ways.

1. Static distortion of the chromophore

In the tetrahydronaphthalene derivative 1, whose ORD spectrum is shown in Figure 1,
the two conjugated double bonds are not coplanar® and define a twist angle of about 17°.
The point group is now C, and the lowest = — 7* transition is 'A — !B, which is both
electrically and magnetically allowed. The two moments are collinear and the transition
acquires a non-vanishing rotational strength. This distortion, caused by a chemical con-
straint (e.g. the cycle in 1), is present in the molecule in its equilibrium configuration and
can therefore be defined as static.

1

2. Dynamic distortion of the chromophore

In molecules like 2, or 3, the 1,3-diene chromophore is planar. Formally, the presence
of R differentiates the two vertical halves of the molecule, which becomes chiral'®. The
physical meaning of this differentiation is that it induces dissymmetric vibrations, which
determine, in turn, a dynamic twist of the chromophore.
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(2)R=Me
3)R=D

[0l x 1073

s | | | | | |
200 250 300 350 400 450 500 550

Wavelength (mp)

FIGURE 1. ORD spectrum of (4)-trans-9-methyl-1,4,9,10-tetrahydronaphthalene, 1 (dots). The two
lines are computational results with (dashed) or without (continuous line) correction for the solvent
refractive index. Reprinted with permission from Reference 9. Copyright 1961 American Chemical
Society
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FIGURE 2. UV (upper curve) and CD (lower curve) spectra of 2. Reprinted with permission from
Reference 10. Copyright 1983 American Chemical Society
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FIGURE 3. CD spectra of compounds 4 and 5. Reprinted from Reference 11, with kind permission
from Elsevier Science Ltd, The Boulevard, Langford Lane, Kidlington 0X5 1 GB, UK
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The UV and CD spectra of 2 are reported in Figure 2.

3. External dissymmetric perturbation

In 4 and 5 the chromophore is planar and the optical activity arises from the lack of a
vertical symmetry plane (i.e. that bisecting the diene moiety), owing to the presence of
the C;—CH3 bond, which has no counterpart in the other half of the molecule!!.

~_

N\
) ®)

Furthermore, whenever the 1,3-diene group is not embedded in a rigid structure, e.g. in
6'2 and 7'3, it assumes the most stable s-trans conformation, just as in the case of 1,3-
butadiene. Again dissymmetrically disposed substituents perturb the = — #™* transition,
which acquires some magnetic moment parallel to the electric one.

(6) ™

Figure 3 shows the CD spectrum of 4 and 5, while Figure 4 reports absorption and CD
spectra of 7.

D. Intrinsically Chiral Dienes

As discussed above, the distortion of the 1,3-diene determines the lowering of symmetry
of the chromophore from Cyy to Cy. The low-energy m — 7™ transition thus acquires
non-vanishing rotational strength and becomes optically active!''*. The methods proposed
for interpreting the CD of intrinsically chiral dienes tend to attribute the most relevant
role either to the distortion of the chromophore or to the perturbation arising from its
environment. The two effects add up, sometimes acting in the same sense, sometimes
conflicting. This makes it rather difficult to find a definite, general and simple relation
between stereochemistry and optical activity for these compounds.

1. The diene chirality rule

The first correlation between the sign of the CD band allied to the 'A — !B transi-
tion and the molecular chirality was formulated just taking into account the lowering of

symmetry of distorted dienes only® '3
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FIGURE 4. UV (upper curve) and CD (lower curve) spectra of 7 (continuous line). Reprinted from
Reference 13, with kind permission from Elsevier Science Ltd, The Boulevard, Langford Lane,
Kidlingten OX5 1 GB, UK

The diene chirality rule (hereafter referred to as DR) constitutes a simple tool for
correlating the sign of the lowest energy m — m* transition ({A — !B in C, symmetry)
of the distorted diene to the chirality (left or right-handed) of the chromophore. The
validity of this rule is based on the assumption that the CD of the distorted chromophore
is determined by its intrinsic helicity alone and that external dissymmetric perturbations
have only minor effects on the optical activity.
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This point of view finds its justification in the following observations. Compounds 8
(pyrocalciferol) and 9 (isopyrocalciferol), having opposite absolute configurations of the
stereogenic centres near the dienes, show 1A — 1B Cotton effects at about 275 nm of
the same sign and intensity. The reason for this is that only the twist of the chromophore
determines the optical activity; in fact the diene moieties are distorted in the same sense
in 8 and 9, as found by X-ray diffraction'®.

C9 Hl7 C9Hl7
* C@t&
HO HO
® 9
Ae=+20 (275 nm) Ae=+23 (272 nm)

The correlation shown in Scheme 3 has been formulated between the sense of twist
and the sign of the 'A — "B Cotton effect.

% oo é -

P chirality M chirality
positive Cotton effect negative Cotton effect

SCHEME 3

The diene rule has had much importance in the interpretation of the optical activity of
distorted dienes, as in the case of occidentalol, epi-occidentalol and trans-occidentalol,
10, 11 and 12, respectively”.

H - H H

OH OH OH
(10) a1 (12)
Ae=-2.2 Ae=+84 Ae=-6.4
M P M

It has been successfully based on various calculations at different degrees of
sophistication” 18726,
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a. Theoretical models justifying the diene rule. The rotational strength (R) allied to the
longest-wavelength 7 — 7* transition in twisted butadiene can be calculated according to
two simple models: the former uses a molecular orbital approach!®1922_ the latter treats

the diene as a pair of interacting double bonds, in a coupled-oscillator framework'4. A
schematic derivation of the relevant equations is given in the Appendix (Section V). It is
interesting to note that these totally independent approaches yield the same result:

Ry_n+ ocsin® Bsind )

according to the definition of the internal angles given in Scheme 4.

Je

SCHEME 4

This means that R is proportional to the sine of the dihedral angle between the two
double bonds, with the positive sense defined in Scheme 2. Such a dependence confirms
the diene rule because positive angles define positive helicity and imply positive R.

We note that this result is confirmed by the derivation of the rotational strength for a gen-
eral C; chromophore, due to Hug and Wagniere?’. They showed, using a pure symmetry
token, that the longer-wavelength B transition follows the DR, whereas the higher-energy
A transition has opposite sign. This will be shown to have relevant consequences in the
case of carotenoids.

The sin 6 proportionality of R, .+ obtained here with two independent, however sim-

plistic, approaches allows us to extend the DR, originally formulated for the cisoid dienes,
even to the transoid chromophores, as shown in Scheme 5.

Actually, it is very important to note that this ‘general diene rule’, covering s-cis and
s-trans systems, has been formulated on the basis of a coupled oscillator model and by
means of a simple Hiickel MO calculation. More sophisticated MO treatments of the
1,3-butadiene moiety afford contrasting results: while the largest part of the calculations
gives positive rotational strengths for all the positive values of 6, in some cases (e.g.
CNDO/S? and CNDO/2 calculations?®?8) anti-DR behaviours (negative R for positive
0) have been reported. The accuracy of the wavefunctions obtained for twist angles around
90° is however questionable, which suggests that reliable results are only for 0° < 6 < 45°

and 135° < 0 < 180°".

The problem of interpreting the chiroptical properties of highly distorted dienes remains,
however, a different question (see Section II.D.3 below).

2. Allylic axial chirality rule

About 10 years after the first formulation of DR and 5 years after its theoretical justifica-
tion by Charney, some contradictory results emerged which make its validity questionable.

One of the major problems was the case of the cisoid heteroannular dienes>®3!, which
present a CD band at about 240 nm with a sign opposite to that predicted on the basis of
the diene helicity by means of the DR.



4. Conformation and chiroptical properties of dienes and polyenes 121

0<0° M Chirality
negative Cotton effect

Transoid
dienes

Cisoid
dienes

0>0° P Chirality
positive Cotton effect

SCHEME 5

To account for these cases as well, Burgstahler and Barkhurst developed® an alterna-
tive model for the interpretation of the diene 'A — !B transition optical activity, focusing
their attention on the surroundings of the chromophore. They stated that: ‘... asymmetric
perturbations of the double bond components of the chromophore through excited states
interactions with their allylic axial or pseudoaxial bonds (act) as primary factors control-
ling the sign of the Cotton effect.” This sign should be predictable through analysis of the
contributions of the allylic substituents, with the rule (henceforth called AAR) depicted
in Figure 5.

With this approach, it is possible to justify the behaviour of a series of compounds, with
particular reference to heteroannular cisoid dienes, as shown in Figure 6, which exhibit
an anti-DR Cotton effect.

Hence, assuming that the axial allylic contribution outweighs that due to the internal
twist, the ‘anomalous’ behaviour of s-cis heteroannular dienes is explained.

Positive chirality Negative chirality

FIGURE 5. On a cyclohexadiene ring, one allylic axial bond has been put in evidence. On the left, it
defines a positive chirality (right-handed). The reverse holds for the case on the right. This representation
is discussed in Section 11.D.2.b
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(@) (b)
FIGURE 6. A model for heteroannular dienes. In (b) the three-dimensional structure of the molecule
shown in (a) is given as an example. The figure indicates that a negative distortion of the conjugated
system is allied to a distribution of pseudoaxial substituents (white balls) defining positive chiralities
according to Figure 5, i.e. positive contributions to the rotational strength of the system

However, an important difficulty is still present: in fact, while for heteroannular cisoid
dienes the allylic axial contributions are opposite in sign to the intrinsic, as depicted in
Figure 6, in the case of the homoannular cisoid compounds, the two contributions have
the same sign, as pointed out already by Burgstahler.

Bearing this in mind, however, it is not possible to interpret the three cases of 13-15, all
characterized by negative diene chirality. If diene chirality and allylic axial contributions
act in the same sense, how can we explain a positive Ae for 15, having M chirality? This
question opens the problem of a more thorough evaluation of all the contributions to the
diene optical activity.

The relative importance of the intrinsic (twist-related) and external contributions (e.g.
stemming from the axial allylic groups) was evaluated for the first time by Rosenfield
and Charney?® who carried out CNDO/S calculations on the model compounds 16-18.

OH
R' R!
i ax
' Meeq
: Meeq
52
R R?,
(13)R!=R2=Me Ae< 0 (16)R!=R2=Me
(14)R'=H;R2=Me Ae<0 (17)R'=H;R?2=Me

(15 R'=R2=H Ae>0 (18)R'=R2=H
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These molecules are used as models for the steroidal dienes 13, 14 and 15. The aim
was to clarify the reasons why 15 does not follow the expectations of the DR and the
AAR. Geometrical input parameters were taken from X-ray data of a related steroid
which represents an exception to the DR. The skew angle for this geometry is 14.4°.
The CNDO/S (without CI) calculations successfully predicted the signs and the absolute
values of the different rotational strengths. An attempt to rationalize the physical reason
of the sign change on passing from 16 and 17 to 18 (and correspondingly from 13 and
14 to 15 for the real compounds) was also made, as summarized below.

In a planar s-cis-butadiene the lowest lying w1 — 7* excited state belongs to a B;
representation and the related transition from the ground state possesses orthogonal electric
and magnetic dipole moments, along y and x directions, respectively. In a chiral cisoid
diene, R arises from a ‘borrowed’ magnetic dipole transition moment in the x direction
and a ‘borrowed’ electric moment along y. In these calculations the x and y components
of the p-m scalar product are of comparable magnitudes and, in the model compounds 16,
17 and 18, they have opposite signs. Replacing an allylic axial hydrogen by a methyl, the
x component of the dipole velocity operator (7|V,|7*) increases and becomes dominant
over the y component. This causes the change in sign of R. As this effect arises from
an induced electric moment, it can be ascribed to the larger polarizability of the C—C
compared to the C—H bond. Another important aspect of this investigation is a quantitative
evaluation of the allylic axial effect. Calculations were carried out on a planar butadiene,
bearing either a hydrogen, I, or a methyl, II, in pseudoaxial position.

CH,

1)) (In

The rotational strength calculated for I is as large as that of a butadiene twisted by
20°. In II, with an out-of-plane methyl, R increases by a factor of about 2. This shows
that the contributions to R of dissymmetric substituents of chiral cisoid dienes may be
comparable to and even outweigh the contributions arising from the intrinsic dissymmetry
of the chromophore.

a. Models in support of the allylic axial chirality rule. Several approaches have been fol-
lowed to justify the AAR; the most recent, due to Nishio and collaborators, involves CH/w
interactions between the homoallylic substituents and the 7 orbital2. It should be observed
that it can be considered in support of the AAR only insofar as in many geometries a
substituent in allylic relation to a double bond is homoallylic to the other. Furthermore,
it does not account for non-alkylic substituents, whose effect has been demonstrated.

We shall consider here in more detail two models: first a dynamic coupling approach,
due to Weigang®3, who considered optical activity deriving from the coupling of elec-
tric dipoles (the diene chromophore and the polarizable bonds around it); and second, a
localized orbital investigation, which permits one to separate the contributions from the
intrinsic diene optical activity and from the axial substituents.

We have tried to express the results of Weigang’s treatment in pictorial form (Scheme 6),
applying the language of the exciton chirality rules'd to the coupling of the chromophore
transition dipole moments with those induced in the nearby bonds. These are regarded
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as strongly anisotropic polarizable units, i.e. we assume that the C—C bonds can be
described using only a dipole directed along the bond. A substituted cyclohexadiene
having M intrinsic chirality has been considered.

a
-
7 >@<¢
2\1/;6\

i @
e
PN 5 < 5 \y positive chirality
1< /\ /4 1 4 positive Cotton effect
-— 3

e
: i
( negative chirality
« 1 55

4 negative Cotton effect

®

SCHEME 6

Inspection of Scheme 6 reveals that:

(a) The dipole of the diene 'A — !B transition at 260 nm (polarized along C;—Cy)
and the polarizable C5—Cg bond define a positive chirality and thus give rise to a positive
contribution to CD, as shown in Scheme 6(a). This effect is opposite to the intrinsic
(dissignate34) contribution.

(b) Two polarizable allylic bonds oriented as shown in Scheme 6(b) define negative
chirality with respect to the diene chromophore, so when they couple with the diene
transition dipole, they provide a contribution having the same sign as the intrinsic one
(consignate34 contribution).

(c) The allylic equatorial bonds give only negligible contributions, since they are almost
parallel to the diene transition dipole.

This approach has the merit of providing a reasonably simple explanation of the signs
of the different contributions, and also makes it clear that the observed optical activity
arises from a balance of several factors. In order to make reliable predictions, it would
be necessary to assess quantitatively with the same technique all the contributions, whilst
Weigang’s approach can only give an evaluation of the external perturbations.

The problem of the quantitative and homogeneous evaluation of the contributions to
the CD intensity in a complex diene (i.e. intrinsic chirality, allylic substituents and other
perturbers) has been approached by Lightner and coworkers®, from a completely different
standpoint: ab initio calculations in the localized random-phase approximation (LORPA)
for twisted butadiene and several methyl-substituted 1,3-cyclohexadienes — all compounds
distorted with P-chirality and a twist angle of 17°. The use of localized orbitals makes it
possible to attribute to each group a signed contribution to the total calculated rotational
strength for the 'A — !B transition. The results are summarized in Table 1 and lend
themselves to the following observations:
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TABLE 1. Bond contributions (estimated by LORPA20)
to the Cotton effect of the w_ — 7* transition in sub-
stituted 1,3-cyclohexadiene®

Contribution [R]
Diene —13
Bond (5,6) -52
if R=H if R = CHj
Bond (5,a) +60 +97
Bond (5,e) -3.5 —13.5

“The numbering is that of Scheme 6; R is the substituent occu-
pying the positions a or e.

(a) The intrinsic diene contribution, which is calculated positive (i.e. following the DR)
for 1,3-butadiene, becomes negative (anti-DR) in cyclic systems.

(b) The bond opposite to the diene gives a large anti-DR contribution.

(c) Allylic axial C—H bonds give smaller contributions than C—C, but both are pro-
DR.These conclusions agree with those previously indicated and possibly solve the prob-
lem of how to predict the rotational strength, at least for homoannular cisoid dienes. In
fact, using the values reported in Table 1, Lightner and coworkers calculated R for some
alkyl substituted 1,3-cyclohexadienes, like 19 and 20, all with P-chirality, in substantial
agreement with the experiments.

In spite of these successes, however, the problem is still open because, using the same
group contributions, the wrong sign is calculated for 21, as already observed by Lightner
and coworkers?®. Apparently, even such sophisticated calculations cannot give the correct
weight to single contributions, over- or underestimating some of them, which makes it
impossible to make the right assessment in all cases.

Ve Ve i

| | |

Me

19) (20) 1
Rexp =+45 Rexp =+40 Rexp =-16
R, =+102 R, =165 R, e =128

b. Problems in the definition of the allylic axial rule. In the original formulation of the
allylic axial rule by Burgstahler and Barkhurst>?, the contribution of a substituent to the
diene CD is due to the ‘asymmetric perturbations of the double bond components’, i.e.
the helicity of the system is defined according to the relative disposition of the perturber
and the nearest double bond.

On the other hand, from a spectroscopic point of view it is more correct to consider
the diene moiety as a whole. Therefore, it seems that the allylic contribution can be
evaluated using two different points of view: the ‘olefin-picture’ (the former) and the
‘diene-picture’ (the latter). This difference has important consequences. In fact, in a vast
majority of cases these two pictures lead to the same result, whilst in some instances the
two predictions can be opposite. Let us consider the three possible different geometries of
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allylic axial substitution, as indicated in Figure 7, where, for each case, the olefin-picture
is put above and the diene-picture below. In Figure 7(a) the molecular geometry is such
that the two points of view provide the same result: positive allylic helicity and positive
CD is predicted. In Figure 7(b) and (c), on the contrary, the olefin-picture should lead to
a negative CD, the diene-picture to a positive CD.

Gawrorisky and Gawroriska® observed this ambiguity and studied the case represented
in Figure 7(b), analysing the following compounds, all characterized by P diene helicity.

CsHp

X

X Ae A

H  +12.6 (265)
OH +17.5 (264)
NHAc +263 (264)

It is apparent that on increasing the polarizability of the allylic axial substituent, the
Cotton effect becomes stronger. If we refer to the nearest double bond, however, the
chirality defined by the C—X bond is negative, thus we should expect a decrease of Ae.
Only by considering the diene as a whole (diene-picture), as depicted in the lower part
of Figure 7(b), can one justify the reported trend.

Another, very notable, case where the two definitions are in conflict is that of het-
eroannular cisoid dienes. As we have mentioned, this was just the class of molecules that
stimulated the introduction of the AAR. Here, in order to have the correct results one
should refer the chirality of the axial substituent to the individual double bonds (olefin-
picture), as depicted in Figure 6 and in the upper parts of Figure 7(b) and (c). The case of
heteroannular dienes is anyway peculiar, because in these compounds the chromophore
is unusually distorted. This case is treated in the following section.

3. Strongly distorted dienes

We can collect here two classes of molecules, characterized by very large skew angles,
between 40° and 90°. Such a situation is found in the first instance in heteroannular dienes.

a. Heteroannular s-cis-dienes. These compounds (e.g. 22 and 23) are usually reported
to have skew angles around 40-50°.

As anticipated in Section I1.D.2, for these molecules anti-DR optical activity is generally
found, in agreement with the ‘olefin-picture’ of AAR. Charney and coworkers?® proposed
an inverse rule: the inversion of sign was attributed to some change in the electronic
properties of the diene when the angle 6 becomes large. Indeed, as pointed out at the
end of Section II.D.1, there is no general agreement within the computational results,
neither on the magnitude nor on the sign of the Cotton effect allied to the longest 7—n*
transition of dienes with skew angles larger than 40°. Furthermore, the strong distortion
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FIGURE 7. The two definitions of the allylic axial chirality rule for the three possible positions of
the substituent represented by the shaded circle. For each case the upper part of the Figure represents
the original proposal (olefin-picture) and refers to the orientation of the substituent with respect to the
nearest double bond; the lower part indicates the ‘diene-picture’, which takes into account the actual
location of the transition dipole. To make the drawings clearer, a planar diene has been considered and,
on the right, the projections have been shown. In (a) is shown the case where the two definitions give
the same result (P-chirality in this case). This is, for example, the case of a homoannular allylic axial
substituent. In (b) and (c), the two definitions lead to different conclusions: M-chirality for the olefin
picture, P-chirality, again, for the diene picture. The latter two instances can only be found when the
axial substituent is on a different ring from the diene. It should furthermore be noted that knowledge
of the exact location of the transition dipole is essential in case (b) for the ‘diene-picture’
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FIGURE 7. (continued)

C9H17

8~ 40°

AcO AcO

(22a) R'=CH;; R?=H (23) Ae (243nm) <0
(22b) R'=H; R2=CH; Ae (230nm)>0

could imply a substantial reduction of conjugation in the -system, which might become
better represented by the individual olefins than by a whole chromophore. It should be
pointed out, however, that the experimental evidence (in terms of absorption wavelength)
for such an interpretation is rather weak (see below).

b. Highly twisted s-cis-dienes. A typical example of a very distorted diene is photo-
santonin’’ (24), which presents a twist angle of 64° in the solid state as determined by
X-ray diffraction.
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UV: £8700, A 210 nm (sh)
CD Ae — 12.4 (L 210 nm, sh); Ae —25 (195 nm)

24

TABLE 2. Structural (molecular mechanics) and spectral parameters of selected distorted dienes”

Compound Chirality 6 (deg) uv Double bond
CD torsion
angle (deg)

€ 4300 (sh), 224 nm

O

+37 [R] —3.9, 246 nm 6.8
25)
¢ 8300 (infl), 220 nm 18.9
%/ P +227 [R] —9.6, 224 nm 19.0
(26)
¢ 13100, 249 nm
;&( M -5 [R] 1.98, 250 nm 4.0
27)
= ¢ 10100, 249 nm —154
;% M —163 [R] 3.3, 257 nm —149

(28)

“The angle 6 is defined according to Scheme 2, the exact definitions of the angles in the last column, describing the
double bond torsion, being given in Reference 38. Here we note only that 0° torsion means a planar olefin. The values
are reported only for dimethyl-substituted double bonds.
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The most striking spectroscopic characteristics of this compound are: (i) there is only
a shoulder at about 210 nm in the UV spectrum, which implies a substantial lack of
conjugation and brings about further experimental evidence of the large skew angle; (ii) a
strongly negative Cotton effect is associated with the P-chirality of the chromophore. The
latter observation has been considered an experimental support for an anti-DR behaviour
of highly twisted cisoid dienes. More recently, Lightner and coworkers® prepared and
studied the CD spectra of a series of distorted dienes, the most relevant of which are
reported in Table 2.

The authors pointed out that for M-distorted dienes a positive CD is found, while the
P-distorted dienes show a negative CD, supporting the above correlation.

These results deserve comment. First of all, the chemical structure of photosantonin, 24,
is really complex, in particular the lactone chromophore (which, examining the molecular
model, appears quite distorted) could contribute strongly to CD, making very difficult the
correct assignment of the true CD of the highly distorted diene chromophore. In addi-
tion, as far as Lightner’s dienes are concerned, it must be observed that in general the
molecular mechanics (MM) results reported do not provide high values of the twist angle
0 (the maximum is about 23°), nor do the compounds derived from camphor show the
spectroscopic behaviour typical of a highly twisted diene. An examination of the con-
formational analysis carried out by Lightner reveals other interesting aspects. In the case
of diene 28, there are two almost degenerate minimum energy conformations (separated
by about 0.4 kcal mol~!) which must both be significantly populated but show opposite
intrinsic chirality.

Furthermore, for both 28 and for 26, MM calculations indicate that even the individual
double bonds are highly twisted (15-20°). This could be (vide infra) a further mechanism
giving rise to optical activity of the 7—n™* transition of the diene chromophore.

Other interesting examples of highly distorted dienes are 29 and 30. In these cases
there is a further difficulty. For 30%, for instance, two low-energy conformations in
equilibrium are possible: These two conformations are differentiated essentially by the
interaction between the methylidene groups and the equatorial and axial hydrogens on
the ring.

6 =90°
(29) (30)
€7300 sh (205 nm) €3300 sh (217 nm)
Ae+ 4.4 (210 nm)37 Ae+ 1.77 (217 nm)3°

It is apparent that the 7 systems in 30a and 30b are distorted in opposite senses. The
measured rotational strength is thus the weighted average over these two conformations,
which depends on the relative populations as well as on the individual rotational strengths.
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ES
H,c” "H H” Y CH,
(30a) (30b)
A peculiar case of a strongly distorted diene is represented by cis,trans-1,3-cycloocta-
diene**:
=
AN

The main interest of this molecule resides in the fact that the principal source of rotational
strength of the 7 — 7* lowest energy transition has been attributed* to the twist of one
of the two double bonds (¢« = —136°, as in frans-cyclooctene) rather than to the twist of
the 1,3-butadiene moiety (6 = +50.2°)

4. Transoid dienes?1-35

Dienes in quasi-s-frans conformation are found only in cyclic structures where perfect
planarity is hindered. The DR also holds valid for this kind of conformation, as demon-
strated by the considerations of Section II.D.1.a and also confirmed by all the reported
calculations. Indeed, contrary to what is sometimes found for cisoid systems, the rota-
tional strength evaluated by many types of calculation is invariably found to follow the
diene rule for transoid systems. However, very small skew angles are usually found in
real molecules and this implies that the main contribution to the observed optical activ-
ity cannot come from the weak intrinsic distortion, but is more likely to stem from the
dissymmetric perturbations, notably of the allylic axial substituents.

A few examples will illustrate the case. The parent trans-diene derivatives 31a and 323
have nearly planar chromophores, but the Cotton effects are quite strong and opposite in
sign (415 and —27.9, respectively). This can be attributed mainly to the allylic axial
C—CHj3 bonds, which provide a positive contribution for compounds 31 and a negative
for 32. Furthermore, the Ae¢ values of P-chiral s-trans-31 are strongly dependent on the
polarizability of the allylic C—X bond.

5. Conclusions on skewed dienes

The interpretation of the optical activity of these compounds is rather debatable and no
single theory seems to effectively accommodate the whole variety of cases.

The intrinsic contribution, accounted for by the diene rule, seems to be easily
outweighed by the perturbations arising from the allylic axial substituents, which in turn
define the allylic axial chirality rule. This latter can be formulated in two ways: The ‘olefin-
picture’, where chirality is referred to the nearest double bond, and the ‘diene-picture’,
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C8H17 C8H17

X 32)

X Ae A (nm)
Ae = —27.9 (238 nm)

3la H +15.0 (237)
31b OH +7.85  (239)
3lc NHAc +0.8 (253)

which considers the electric-dipole transition moment of the diene chromophore as
a whole.

The two representations lead to the same result in the majority of the cases studied so
far, where agreement with experiment is rather good and there are only few exceptions.
The cases in which the two pictures are in conflict can be divided into two classes: strongly
versus ‘normally’ distorted dienes (6 = 30°). The former is typified by the heteroannular
dienes, which seem to obey the ‘olefin-picture’. The latter, much less well characterized,
seems to be better interpreted in terms of the ‘diene-picture’.

We consider it rather reasonable to suppose that when the distortion is small the m-
electron system is delocalized, justifying the diene-picture; whereas in the presence of
large skew angles the contribution of localized double bonds can be much more important,
supporting the olefin-picture.

A further mechanism, based on the distortion of the individual olefin plane, has also
been proposed*®, but has received rather little attention. It is possible that its role has
been unjustifiedly neglected in many cases.

E. Dienes Owing Their Chirality to a Dynamic Twist'?

Mason and coworkers'? studied the chiral bicyclic derivatives 2, 3, 33 and 34, having
known absolute configuration. These molecules possess a planar s-cis diene chromophore
and formally their chirality is due to the presence of the D or CH3 substituents, which rule
out all the symmetry planes. However, it is interesting to point out a peculiar structural

R

33) R=D
(34) R=CHs
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feature of these compounds with respect to analogous molecules also having a planar
s-cis diene, like 4 and 5. While in the latter molecules the C-10 methyl group (i.e. the
substituent responsible for the molecular chirality) is displaced from the chromophore
at equilibrium, the methyl group bonded to the diene moiety of 2 and 34 lies in the
plane of the diene, at least in the equilibrium conformation. In this case, therefore, the
origin of optical activity of the planar diene chromophore cannot be found in a simple
interaction between the chromophore itself and the substituent responsible for the overall
molecular chirality. The detailed analysis of the absorption and CD data carried out by
Mason and coworkers reveals that there is a chiral distortion of the diene chromophore
in 2, 3, 33 and 34 of dynamic origin'?, i.e. it arises from a vibrational mode (or modes)
with inequivalent turning points, resulting from the mass difference between the groups
occupying the 2- and 3-positions in each of these dienes. The out-of-plane bending modes
of the groups in the 2-position of 33 and 34 could be the most effective. As far as 2 and 3
are concerned, it has been observed that the rotatory strength of the # — 7* in 2 is some
7 times larger than that of the deuterio derivative 3, a factor close to the mass ratio of
the substituents replacing hydrogen in the parent diene. This relation suggests a common
vibronic perturbation of the symmetric diene chromophore in 2 and 3.

F. External Dissymmetric Perturbation
1. Planar s-cis-dienes

When there is no intrinsic chirality, because the internal distortion is completely absent,
as for example in 4 and 5'!, optical activity can only arise from the perturbation of the
1A — !B, transition, due to the presence around the chromophore of chirally distributed
substituents. The origin of optical activity can be found in a dynamic coupling mech-
anism and in such cases a coupled oscillator treatment (like that of DeVoe!**7) can be
used to evaluate R'#!. In this approach, a chiral molecule is regarded as a set of suitable
subsystems (the chromophore and the perturbers that make it chiral), which are polarized
by the external electromagnetic field and are coupled together by their own local fields.
The optical properties (absorption, refraction and circular dichroism) can be calculated by
taking into account the above interactions among the subsystems. Of course, for this pur-
pose, each subsystem has to be fully characterized in terms of one (or several) oscillators,
representing an electric-dipole-allowed transition defined by the polarization direction e;
and the complex polarizability «;(V) = R;(V) + il;(V). Here, I;(¥) can be obtained from
experiment, i.e. from the absorption spectrum of compounds which can be considered
good models of the subsystem; R;(V) can be calculated from 7;(V) by means of a Kro-
nig—-Kramers transform. A molecule like 4 (or 5) can be considered as the aggregate of
only two subsystems: the chromophore (i.e. the cis-diene moiety) and a perturber, which,
for symmetry reasons, can be found in the C—C bond linking the methyl group to the
bicyclic skeleton. Each of these groups can be represented by a single oscillator: the for-
mer is polarized along the line joining the midpoints of the double bonds and the latter
along the C—CH3 axis. As for the values of ;(V) and R;(V), a Lorentzian polarizability
of 25 D? centred at 250 nm gives a satisfactory representation of the absorption band
of the cis-diene chromophore, while to describe the polarizability of the C—CHj3 bond a
Lorentzian polarizability of 2 D? at 134 nm is known to be reasonable*!°.

At this point we have the geometrical and spectroscopic parameters necessary to cal-
culate Ag(D) from the general DeVoe equations*'®. In the present case of two different
oscillators we have

Ae(D) = 0.01472Ne; x €3 - RinG 20211 (DR2 (D) + (DR ()] (3a)
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1\3
G2 = (E) [e1 - €2 — 3(e; - e2)(ez - e12)] (3b)

Here e; and e; are the unit vectors of oscillator 1 (the diene chromophore) and 2 (the
C—CH3; dipole), respectively; Ry; is the vector joining their midpoints, G, is the point-
dipole interaction term and N is the Avogadro number; all quantities are expressed in
c.g.s. units. In the absorption region of the chromophore, where the perturber does not
show a significant absorption, the above formula reduces to the simpler equation*!

Ae(P) = 0.0147°Ne; x €3 - RinG 1?11 (D)Ra (D) 4)

In this way, a Ae value of —0.57 is calculated at 250 nm, as compared with an experi-
mental value of —0.63. This excellent agreement between the experimental and calculated
values is a strong indication that a dynamic coupling mechanism is the major source of
optical activity in these molecules.

Another group of chiral dienes where a planar s-cis-1,3-butadiene chromophore is
present, is that of the compounds 35-40 prepared by Sonney and Vogel*?. These com-
pounds have the general structures indicated below.

\ \
— X —
X
exo-series endo-series
X=0OH 35 38
OAc 36 39
OBs 37 40

The CD spectra of the dextrorotatory isomers of 35-39 show a weak positive band
corresponding to the lowest w—x* transition (*A; = !B,) of the s-cis-butadiene. Their
behaviour is strictly analogous to that of 4 and 5. The sign of the CD band can be predicted
by taking into account the interaction of the diene dipole with that on C—X. The spectrum
of 40 is complicated by the presence of a couplet-like feature, probably resulting from the
coupling of the diene and the brosylate (OBs) chromophore. In a more recent paper, Vogel
and coworkers*? describe the CD data of several 5,6-dimethylidenebicyclo[2.2.1]hept-2-yl
derivatives, having the general formula

= X
L

Unfortunately, no general rule can be proposed for interpreting the experimental data. In
particular, if the substituent at C(2) is a w-system, different from >:o, the Cotton effect

associated with the 'A; — !B, transition of the cis-diene is opposite in sign to that of
the exciton chirality of the two homoconjugated -chromophores.
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2. Planar s-trans-dienes

The first report of the chiroptical properties of a planar s-frans-diene chromophore is
due to Di Coratolz, who described the CD data of (4)-(5)-6, which shows a positive weak
(Ae = 40.2) Cotton effect at about 220 nm, in both the £ and Z isomers. Lardicci and
coworkers!? described in 1978 the absorption and CD spectra of the planar s-frans-diene
derivatives 7 and 41.

(Z, 2)-(38, 85)-(7) (E, 2)-(35, 85)-(7)

(E, E)-(3S, 85)-(7)

(E, 2)-(3S, 85)-(41) (E, E)-(35, 85)-(41)

These compounds show typical s-trans-1,3-butadiene absorption bands between 230
and 235 nm, with epax & 30000. In correspondence, the CD spectra show an intense
(Ae =~ 3-5) Cotton effect, positive for the (S) absolute configuration of the chiral centres.
It is noteworthy that if one considered (E)-(S)-6 as a ‘half’ of (E, E)-(3S,85)-7 a value
of Ae of about 0.4 would be predicted: the actual Ae of +3 is one order of magnitude
larger!
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An interesting series of s-trans planar dienes is that due to Walborsky and co-
workers***>_ They prepared and studied the chiroptical properties of several compounds
where the diene moiety is linked to a chirally substituted ring, such as 42 and 43.

(42): (aR)-(+)-(4-methylcyclohexylidene)propene  (43): (aS)-(—)-(5-methyladamantylidene)propene
€37.5 = 24300 €40 = 30600
Agr37.5=+3.7 Aerze = —0.45

Walborsky and coworkers** proposed a sector rule, the planar diene rule, to correlate
the sign of the 'A, — !By transition Cotton effect of these derivatives with the absolute
configuration and, in addition, they provided a qualitative interpretation of the CD data
of the molecules by means of the two-group electric-dipole mechanism*. Later on, in

>
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FIGURE 8. Sector rules for exocyclic s-trans dienes. Top: ‘bond-centred’, bottom: ‘atom-centred’ rule.
The ellipsoid represents the rest of the molecule and also defines the direction opposite to the observer.
In both cases two planes are defined by the transition dipole and the plane containing the diene; only
the third plane is located differently. The ‘bond-centred’ rule holds for cyclohexylidene compounds,
while the ‘atom-centred’ rule should apply to adamantylidene derivatives
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1988, Walborsky, Reddy and Brewster® introduced a more complex empirical rule, which
replaced the first one. The space around the chromophore is divided into sectors by the
plane of the diene, the plane perpendicular to it and containing the transition moment
(usually directed along the line C;—C4) and a third plane. The latter has been placed
either in the middle of the diene (the so-called bond-centred model) or on the end atom
of the chromophore, the one inserted in the ring (atom-centred model). The signs of the
contributions to CD of the various substituents are given in Figure 8.

In spite of the practical usefulness of such empirical sector rules, the physical origin
of the optical activity in these molecules remains an open question. In fact, polarizability
calculations*!¢ (both by means of the Weigang amplified sector rule for allowed transitions
and the DeVoe dynamic coupling model), taking full account of the interaction between
the 1Ag — !B, transition dipole and the polarizable matter around it, give the wrong sign.
The correct sign and order of magnitude for this Cotton effect can be reproduced only by
assuming the existence of a very small (less than 5°) distortion of the chromophore; this
is in conflict with the results of MM and ab initio calculations, which clearly indicate the
presence of a planar s-frans chromophore*!©.

These observations suggest an interesting question: can CD spectroscopy be so sensitive
to minute conformational details as to challenge apparently sophisticated computational
methods?

lll. POLYENES
A. Carotenoids
1. General aspects

Carotenoids are natural compounds characterized by a conjugated polyenic chain con-
necting two terminal groups, as represented in Scheme 7. Terminal groups can be of
different natures; they often contain a cyclic double bond and allow one to classify
carotenoids.

SCHEME 7

The two terminal groups, R and R, are in most cases totally responsible for the chirality
of carotenoids, which can thus be further classified into the three categories: homodichiral,
with two identical end groups, of symmetry C»; heterodichiral, with two different end
groups; or monochiral, with one chiral and one achiral terminal group. Naturally, the
chiral terminal groups are responsible for the CD of these molecules, a subject which
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has been recently thoroughly reviewed by Buchecker and Noack?, Liaaen-Jensen*%® and
Noack*®. A few general statements have been found true for the CD of carotenoids:

1. Carotenoids with one or two terminal groups containing a double bond formally con-
jugated with the polyenic chain have conservative CD spectra, i.e. in the region of 7-7*
transitions (220-500 nm) there are 5 or 6 maxima of opposite signs, whose intensities
add up to zero.

2. The signs of the bands in conservative spectra of all-trans forms are opposite to
those of the corresponding derivatives containing one cis double bond (the spectra of
di-Z compounds are analogous to the all-trans).

3. Molecules having terminal groups with non-conjugated double bonds feature non-
conservative spectra.

4. The effects of terminal groups are additive.

5. The CD spectra are strongly temperature-dependent.

2. Origins of the optical activity*”

Carotenoid spectra are characterized by several absorptions in the normally accessible
range of UV-Vis spectrometers. In fact, the large number of conjugated double bonds
creates a manifold of easily accessible excited states. Fortunately, some features of the
diene spectroscopy are retained, which allows one to correlate, at least in some cases,
the CD to conformation and configuration by simple symmetry tokens. As long as we
can recognize a C, symmetry of the chromophoric system, the lowest-lying excited state
belongs to a B representation, just as in 1,3-dienes. The other w-7* excitations are often
alternately A and B. The A-type transitions are electrically polarized along the C» axis,
the B-type are polarized parallel to the chain. They have opposite rotational strengths and
thus give rise to the typical feature of CD of carotenoids with alternating signs.

In order to deal with one transition of a specific symmetry, that of longest wavelength
'A — !B is usually chosen.

Let us consider a carotenoid system having a 8 end group, i.e. a molecule with the
possibility of conjugation between the terminal double bond of the polyenic chain and
the ring double bond, for example zeaxanthin, 44.

C2))

The planar conformations s-cis and s-frans cannot be appreciably populated owing
to the repulsive steric interaction between the Cg—H and Cs-methyl (in the s-cis) or
between the same Cg—H and the methyl group on (C; in the s-trans). This repulsion is
minimized by introducing a twist around the C¢—C7 bond. Limiting conformations, with
skew angles of about +40° and +140°, can be assumed, as shown in Scheme 8. In this
way, an intrinsically dissymmetric chromophore is created.

Owing to the presence of the substituent in position 3 of the cycle, this assumes the
more stable chair conformation with the substituent in the equatorial position: the other
one, with the substituent axial, is about 1 kcal mol~! less stable.
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SCHEME 8

The two twisted conformations discussed above are thus in a diastereoisomeric relation-
ship, one being more populated than the other. Molecular mechanics calculations show
that in the case of zeaxanthin the most stable conformation by about 0.3-0.4 kcal mol~!
is that depicted in Figure 9.

The optical activity of such a molecule has been interpreted using a model that stresses
the similarity with a twisted butadiene. The long and planar polyenic chain formally acts as
the bond (2,3) in a 1,3-butadiene, as long as it allows conjugation between the two terminal
double bonds. The same considerations regarding the distortion of the chromophore and
the sign of the rotational strength of the longest-wavelength transition should therefore
apply. This means that the optical activity is expected to follow the diene rule, presented
in Section II.D, with reference to the helicity defined by the two terminal double bonds.

The CD spectrum of such a structure can be predicted as follows, once we represent
this conformation as in Figure 10.

FIGURE 9. Molecular mechanics most stable conformation for zeaxanthin (44) showing a positive
twist of about 40° between the first two double bonds
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C2
- g [

7 /\_/ .'.
negative chirality
FIGURE 10. On the left is shown the conjugated system of all-trans zeaxanthin (44) in its most stable

conformation. On the right, the planar part of the system is represented as a grey band to make clearer
the similarity with a 1,3-butadiene

The terminal double bonds define a trans-butadiene with negative helicity, for which
the 'A — !B transition (the lowest-energy = — m* excitation) is predicted to have a
negative rotational strength on the basis of the twisted diene rule. This is indeed what is
found experimentally. The same considerations explain the change in sign of the CD bands
on passing from the all-trans to the mono-cis systems. The case of 15-cis-zeaxanthin is
revealing. In Figure 11 we show the relative positions of the double bonds in the most
stable conformation of the molecule.

In this situation the two end-ring double bonds define a positive chirality. Application
of the twisted diene rule gives a positive sign for the lowest-energy 'A — !B transition,
and in the case of 15-cis-(3R,3’R)-zeaxanthin this is confirmed by experiment.

The behaviour of the CD of (3R,3'R)-zeaxanthin at low temperature can also be
explained on the basis of simple conformational considerations. On lowering the tempera-
ture, the most stable form becomes more populated and gives a predominant contribution
to the spectrum. Obviously there may be instances where the CD as a function of tem-
perature is much more complicated than that just discussed, one example being (3S,
3'S)-astaxanthin. However, the low-temperature spectra can be interpreted even here by

positive chirality
FIGURE 11. In analogy with Figure 10, the conjugated system in the most stable conformation of
15-cis-zeaxanthin is depicted, demonstrating the helicity defined by the terminal double bonds of the
conjugated chain
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means of MM calculations, which show that the most stable conformer again obeys the
diene helicity rule. The CD spectra of compounds featuring non-conservative behaviour,
i.e. of molecules where a twist of the conjugated system is not present, have not been
studied so much and a theoretical interpretation of the spectroscopic data has not been
provided so far®.

3. Polymers*8

Polyacetylenes are the most important class of synthetic polymers containing conjugated
carbon-carbon double bonds. Some optically active monomers have been used with the
following conclusions. Polymers of 1-alkynes having a branched side-chain assume in
solution a helical conformation. A chiral side-chain induces a predominant screw sense
in these helices. In particular, for alkyl branching, it has been shown that (S) monomers
lead to a left-handed screw sense.

The CD spectra of polymers of a series of homologue chiral terminal acetylenes*® shows
a marked dependence on the distance of the asymmetric centre from the triple bond. The
relation between the two facts is however unclear, even because the UV spectrum results
from the superposition of several bands, owing to the extended conjugation.

IV. OLIGOENES

We have considered so far two extreme cases: the simplest diene chromophore and a
long chain of conjugated double bonds, trying to find out a few keys to interpret the
relation between structure and chiroptical properties. Intermediate systems, i.e. molecules
with a limited number (2 < n < 10) of double bonds, have received much less attention
in this respect. In fact, they do not constitute a homogeneous class of compounds and
any extrapolation would have limited scope. Nevertheless, considerable attention has been
devoted to some oligoenes of biological importance, such as the members of the vitamin D
and vitamin A families. These molecules often undergo important photochemical reactions
and CD spectroscopy has been used to reveal labile intermediates. An example is provided
by an unstable rotamer of tachisterols, which occurs during the irradiation of previtamin
D3 at 92 K¥.

The analysis of CD and absorption data has been used since 1974, mainly by Nakanishi
and his coworkers, to study the structure of the rhodopsins, pigments involved in the
mechanism of vision, and of their chromophoresso.

A special field of application of CD to oligoenes is that of some antibiotics, like
filipin®' and amphotericin B>2. These molecules are characterized by a strong tendency
to autoaggregation, which causes the CD spectra to be strongly solvent, temperature and
concentration dependent. In fact, in the presence of dimers, the CD is dominated by
the appearance of a strong exciton couplet between the polyenic chains of neighbouring
molecules.

V. APPENDIX
A. 1,3-Butadiene MOs, Symmetry and Electronic Transitions

Butadiene can exist in two planar conformations, s-trans and s-cis. They belong to the
Cop and Coy symmetry point group, respectively. Obviously, both forms have symmetry
planes. A skewed conformation, instead, has only a C, axis. We can choose the reference
frames depicted in Figure 12, characterized by z as the symmetry axis and x directed
along the single bond.

Treating the m-system butadiene molecule with a HMO (Hiickel molecular orbital)
approach, we get four MOs, which are linear combinations of the four atomic p orbitals
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FIGURE 12. Reference axes and numbering of s-trans, s-cis and skewed butadiene

and are given by the equations

T =cipitcprtcap3Etcips (5a)

and
L =cpirteipr—cip3Feaps (5b)

where ¢; and ¢, represent the two distinct coefficients in the linear combinations of AOs
and depend on Hiickel’s parameters « and B.

Inspecting the character tables of Figure 13, we notice that the first (lowest-energy)
excited state, corresponding to the electronic transition nm_ — ¥, is, for the s-trans
isomer, By, for the s-cis, B> and finally for the skewed form, B. This transition is therefore
electrically allowed in all three cases, being in-plane polarized for the former two cases
as shown in Scheme 9.

o = %
4 U

SCHEME 9

The long-wavelength, 7_ — 7* , transition is also magnetically allowed for the skewed
and for the s-cis conformations, as seen by inspection of the character tables. It is therefore
apparent that for the planar isomers, s-frans and s-cis, there is no optical activity allied to
the m_ — m* transition (as obviously expected). In fact, for the s-trans form mp, = 0,
while for the s-cis © and m are orthogonal. In both cases the scalar product in equation 1
vanishes.

In the skewed form, instead, the transition is allowed both electrically and magneti-
cally, with parallel transition moments. The product in equation 1 is hence non-vanishing,
implying that this transition has finite rotational strength. This observation leads to the
conclusion that skewed 1,3-butadiene is an intrinsically dissymmetric chromophore.
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Cyw | E Cy o (2]

A |1 1 1 1 e
A 1 1 -1 -1 m; Ty, T
B 1 -1 1 —1 My, my T, T

B> 1 -1 -1 Ly, my

Cy E C
A 1 1 Mz, myg T4, T
B 1 —1 my,my T, T

FIGURE 13. Character tables for symmetry point groups Csh, C2 and Cay

B. MO Calculation of the Rotational Strength

In order to calculate R from equation 3, we have to evaluate the integrals 1+, and
m,x ., with the MO 7_ and * given in equations 5a and 5b. We assume only nearest-

neighbour interactions and equal B-integrals in all the integrals for the pairs (1,2) and
(3.4), as justified by symmetry. The electric dipole will be described by the velocity
operator V, in order to ensure origin-independent results, and equation 6 follows:

(nllplm-) = (7Z|V|m_)

c1cal=Via + Va1 — Vag + Vaz] — ¢} [Vaz — V3ol

—2c102[ V12 + Vaa]l — 2¢{ V3 ©
where V;; = (pi|V|p;).

We can 51mp11fy this expression by decomposing the vectors along the three axes, with

unit vectors i, j and k and introducing the direction cosines of the bond (1,2), namely
cosxy2, cos y;2 and coszjz. The z-components of Vi» and V34, cancel, while V3 is
directed along x. This yields the equation

(" |ulr-) = —4c1c2Via(icosxiz + feos yi2) — 261 Va3 (7)
The calculation of the magnetic moment

(rZlmjz_) = (7% |r x V|r_) ®)
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seems more involved, owing to the presence of the vector product. However, following
Charney??, the expression can be decomposed into the product of the individual integrals:

(Pilm|pj) = pjj X Vj; )]
where pjj is the polar vector from the origin to the midpoint of the bond (7, j). We observe
that pp3 is trivially vanishing, in our coordinate system, thus mp3 = 0. This reduces the
preceding expression to

(¥ Im|7_) = —2c1c2(mi2 +m3y) = —2cic2(p12 X Viz2 + p3a X V3g) (10)

Again, using the direction cosines and the coordinates of the midpoint of the bond, ¥;,
yij and z;;, and observing that (2 cos z12 — Z12 cos y12 = 0, we obtain the equation

(T Im|m_) = —4c1c2V12j(Z12 €08 X12 — ¥12 €08 212) 1n
We are now able to calculate the rotational strength according to equation 3:
Ryxn = 16C%C§V%2(212 COS X12 COS Y12 — X2 COS Z12 COS Y12) (12)

On using x12 = (x1 +x2)/2 and cosxjy = (xp —x1)/r12, with ri5 the internuclear distance
between 1 and 2, and similar expressions for the other components, we obtain

X 4
Ry n = 166233V3, < 2;‘“) (13)
12

We note that y; and z; are functions of the skew angle 6 and of the bend angle S (see
Scheme 4):

0 0
V= asinﬁsinz and z; = asinfcos 2 (14)
a being the length of bond (1,2). This leads to the final result

Ryt X sin® Bsin 6 (15)

C. Charge-displacement Calculation of R

We shall now assume a classical picture to describe the transition 7_ — 7*.

On the basis of the analysis of Figure 14 we deduce that the 7_ — 7* transition can
be seen as the sum of two electric dipoles, e; + e>. We notice that this transition has B
character and is therefore antisymmetric. Hence, even from the classical point of view,
we may conclude that this will be the lowest-energy transition.

The sum of the two vectors is given by

uw=e;+e (16)
and the same vectors serve to describe a rotation of charge, yielding a magnetic moment
m given by

m = (r; x e)+ (r2 x ez) (17)

where r; and r; are the vectors joining the origin to the midpoints of e; and e, respec-
tively.
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(a)

Z

1

Z

FIGURE 14. (a) Representation of charge excess, (OF and defect, O, on the four carbon atoms for the
two orbitals 7_ (left) and 7* (right) for 1,3-butadiene. (b) Electric transition moments arising from the
m_ — 7* transition

(b)

The rotational strength is then easily calculated by the equation
R=p-m
=(e; +e)-[(r; xe)+ (r2 x €)]
=e-[(r xe))+ (r2 x e2)] + e [(r] x ) + (r2 X €2)]
=e;-(r2xe)+e-(r xer) (18)

Remembering that for any three vectors a-b x ¢ = a x b - ¢, and defining r = r; — 1y,
we obtain
R=r- (e xe) (19)
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where
r= (x; +x2, y,0) (20)

The x- and y-components of the vector product in equation 19 are given by
(e1 x €)y =2y121 (e x €2)y = 2z1(x2 — x1) 2n
On combining the latter two equations in equation 19, we obtain
R =4x2y124 (22)
which, just like equation 16, contains the product (y;z;). Therefore we obtain again

Ryt X sin® Bsin 6 (23)

This result is in agreement with that reported by Norden>® in a context only formally
different.
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I. INTRODUCTION

Ultraviolet/visible absorption, fluorescence, infrared and Raman spectroscopies are use-
ful for studying structures (configuration, conformation, symmetry etc.) of electronically
ground and excited states of linear polyenes, which have attracted much attention of
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FIGURE 1. Chemical structures of various polyenes: (a) unsubstituted and o,w-disubstituted polyenes;
(b) retinal; (c) B-carotene

researchers in quantum chemistry, solid-state physics, biophysics etc. Linear polyenes
exhibit interesting chemical and physical properties originating from m-electrons. Firstly,
these compounds show novel spectroscopic properties due to electron correlation' ~3.
Hudson and coworkers' and Kohler? have reviewed the electronic states of unsubsti-
tuted polyenes and «,w-diphenylpolyenes (Figure 1a), emphasizing the ordering of the
electronically excited states, 1 1B, and 2 1Ag. Orlandi and coworkers> have reviewed vibra-
tional analyses based on quantum chemical calculations for the electronically ground and
excited states of unsubstituted polyenes, and have explained the frequency increase of the
in-phase C=C stretch upon excitation to the 2 1Ag state. Secondly, polyenes are model
compounds of polyacetylene [(CH=CH), ] which is the prototype of conducting poly-
mers. Polyacetylene shows new electrical, magnetic and optical properties; for example,
it shows high electrical conductivities when doped with electron acceptors (iodine, AsFs
etc.) or electron donors (Na, K etc.)*. The application of vibrational spectroscopy to poly-
acetylene is described in previous reviews> 7. Lastly, retinal (Figure 1b) and its Schiff
base play important roles in retinal proteins®, and so do carotenoids in photosynthetic
bacteria®. The chemical structure of S-carotene, which is one of the carotenoids, is shown
in Figure lc. Several reviews'O™!# have described the application of vibrational spec-
troscopy to polyenes in biological systems. There exist geometrical isomers around C=C
double bonds and rotamers around C—C single bonds for polyenes. Vibrational studies
on the conformers of polyenes may lead us to a better understanding of the functions
of polyacetylene and biological systems. In this chapter, we mainly present the spectro-
scopic properties of various conformers of unsubstituted polyenes. We focus our attention
on the structures (configuration, conformation etc.) of the ground states of polyenes and
the relation between the number of conjugated C=C bonds and spectroscopic properties.
In Section II, we mention experimental techniques and outlines of normal coordinate cal-
culations and resonance Raman spectroscopy. In Section III, we describe the electronic
absorption spectra of polyenes. In Section IV, we describe vibrational spectra of polyenes
from 1,3-butadiene to polyacetylene.
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Il. ELECTRONIC AND VIBRATIONAL SPECTROSCOPIES
A. Infrared and Raman Spectroscopies

Vibrational spectra of polyenes can be obtained by infrared and Raman spectroscopies.
Infrared and Raman spectra are measured by means of dispersive-type or Fourier trans-
form spectrophotometers. The combination of matrix-isolation infrared spectroscopy and
a high-temperature nozzle technique (or photoexcitation) is useful for studying the ground
states of unstable conformers of polyenes'>. A sample is diluted with an inert gas, such as
argon, xenon and nitrogen. This mixture is passed through a pipe (or a cell) at a high tem-
perature and immediately sprayed onto a cold Csl plate maintained at a low temperature
(e.g. 10 K). Then, unstable conformers can be trapped in the matrices. Biological sys-
tems have been studied by resonance Raman spectroscopy'®!%13 and Fourier transform
infrared spectroscopy'*. These systems consist of various components, such as proteins,
membranes and pigments; resonance Raman spectroscopy can give us information about
a pigment, when the excitation wavelength for Raman scattering is within the electronic
absorption of the pigment. On the other hand, very small absorbance changes associated
with external stimuli such as light irradiation can be detected by Fourier transform infrared
spectroscopy. Thus, short-lived polyene conformers which are reaction intermediates in
biological systems have been studied by the use of steady-state and time-resolved res-
onance Raman spectroscopy!'®!? and Fourier transform infrared spectroscopy'#. Strong
fluorescence often prevents us from observing Raman spectra. This is the major obsta-
cle in Raman measurements. Coherent anti-Stokes Raman spectroscopy (CARS)!® can
partly solve this fluorescence problem. Since fluorescence appears in the Stokes region,
anti-Stokes Raman spectra are not disturbed by fluorescence in principle. It is difficult
to measure spontaneous anti-Stokes Raman scattering with high signal-to-noise ratios,
because their intensities are very weak. However, coherent anti-Stokes scatterings are
strong enough to be measured with high signal-to-noise ratios.

B. Absorption and Fluorescence Spectroscopies

Absorption and fluorescence spectra of polyenes in the region from ultraviolet to vis-
ible in the condensed phases (liquid, solid, solutions etc.) are very broad in most cases.
Thus, bands arising from distinct vibronic transitions are not resolved. However, the spec-
tra of polyenes in hydrocarbon environments at very low temperatures or in supersonic
expansions show fine structures originating from vibrational transitions'-2. Absorption and
fluorescence excitation spectra provide us with the vibrational frequencies of electroni-
cally excited states, whereas fluorescence spectra provide us with those of ground states.
Two-photon absorption spectroscopy is complementary to one-photon absorption spec-
troscopy. Let us consider a molecule with a centre of inversion. The transitions between
the ground state and electronically excited states with ungerade symmetry are allowed
for one-photon processes, but forbidden for two-photon processes. On the other hand, the
selection rules are just reversed for the transitions between the ground state and excited
states with gerade symmetry. The electronically excited states labelled with 1B, and 2 1Ag
of polyenes have been studied by means of one- and two-photon absorption (fluorescence
excitation) experiments! 2.

C. Normal Coordinate Calculations

The frequencies of some vibrational bands are sensitive to molecular conformation.
Normal coordinate calculations are useful for assigning observed vibrational spectra and
deducing from them precise structural information. Normal coordinate calculations were
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previously performed by means of empirical methods'7-'8. It has recently been demon-
strated that ab initio molecular orbital (MO) methods are useful for evaluating vibrational
spectra!®, The frequencies calculated at the Hartree—Fock (HF) level are usually higher
than those obtained from experiments. Then, the calculated force constants are fitted by
the use of parameters, which are called scale factors, to the observed frequencies. In most
cases, the scale factor for an off-diagonal force constant is the geometric mean of the scale
factors for the corresponding diagonal force constants. The force field thus obtained is
called a scaled quantum mechanical (SQM) force field'. It is noted that electron correla-
tion is not taken into account explicitly under the HF approximation. Electron correlation
is usually introduced by adding the Moller-Plesset (MP) perturbation correction to the
HF result. The second-order MP perturbation method is abbreviated to MP2.

D. Vibronic Theory of Resonance Raman Scattering

Resonance Raman spectroscopy has been applied to studies of polyenes for the fol-
lowing reasons. The Raman spectrum of a sample can be obtained even at a dilute
concentration by the enhancement of scattering intensity, when the excitation laser wave-
length is within an electronic absorption band of the sample. Raman spectra can give
information about the location of dipole forbidden transitions, vibronic activity and struc-
tures of electronically excited states. A brief summary of vibronic theory of resonance
Raman scattering is described here.

The intensity of a Raman transition from the initial vibrational level i of the ground
electronic state g to the final vibrational level j of the g state is given by equation 1:

2
Igi,gj = CIOVOVE‘ Z |(a,oa)gi,gj| (D
po

where C is a constant, /o and vy are the intensity and the frequency of the incident laser
light, vg is the frequency of the scattered light and (o5 )gi,g; 1S the Raman polarizability
tensor element, with p and o being labels for the Cartesian coordinates in the molecu-
lar frame. Second-order perturbation theory gives equation 2 for the Raman polarizability
tensor20-21,

(Cpo)aig) = Z { (iglMslev)(velMplgj)  (iglM ,lev)(velM g ) o)

v Eev_Egi_EO_iFev Eev_Egj+E0_iFev
Here |gi), |gJj) and |ev) are the vibronic wavefunctions of the initial, final and inter-
mediate states, respectively; M, and M, are the electronic dipole operators of o and p
polarizations, respectively; Eq is the energy of the incident laser photon; E;, E,; and
E., are the energies of the initial, final and intermediate vibronic levels, respectively; and
I'¢y 1s a damping factor which defines the linewidth of the |ev) vibronic state. When the
wavelength of the incident laser light coincides with the electronic absorption band (i.e.
Eey—Egi =~ Ey), the first term is dominant, and the second term can be neglected because
it is much smaller than the first term. In the following discussion the second non-resonant
term is neglected.

If Born-Oppenheimer wavefunctions are used to describe the vibronic wavefunctions,
the electronic and vibrational portions of the wavefunctions can be separable:

(iglMglev) = (il{gIMole)|v) = (i|Mg,|v) 3)

This integral of the electronic dipole moment operator is a function of a nuclear coordinate
Q. The integral may be expanded in a Taylor series with respect to Q (equation 4) and
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evaluated at the equilibrium position of the potential surface.
= Mg, + Z Me 0+

Substitution of the first two terms into the Raman polarizability tensor gives the following

)°+Z(M )yQa + - )

three terms22~24:;
(Ol,orr)gi,gf = + ol + oM (5)
where
)O(M )0
o —ZZE —E g, i, M el) ©)
ev gi
ZZZ Mg, (M%)’ (i1Qalv) (vl j)
Eep — Egl —Eg— il
MG, (M), (ilv) (v]Qpl )
+ZZZ e'u_Egl—E()—lFev @)
ZZZ )’ (M2)},(iQalv) (v|Qpl ) ®
> _Egi_EO_lFev

In these terms, the electronic integrals such as (M o )O and (M )., are constrained by the
symmetry of the electronic states. While term I mvolves Frank- Condon overlap integrals,
terms II and III involve integrals of the form (i|Q,|v); in the harmonic approximation,
the integrals of this type obey the selection rule v = i 4+ 1. Keeping these considerations
in mind, we will next discuss how terms I, II and III contribute to distinct vibrational
transitions.

(1) The term I scattering (equation 6) is dominant when the excitation laser wave-
length is resonant with an allowed electronic transition (M° % 0, ‘)‘ The
term I scattering becomes significant if the Frank-Condon overlap integrals (i|v) and
(v|j) have non-zero values simultaneously; it usually provides the enhancement of a
series of fundamental, overtone and combination transitions of totally symmetric modes.
When the displacement between the adiabatic potential minima of the g and e states is
large, the intensities of overtone and combination transitions are greatly enhanced. This
term corresponds to the A term of the Albrecht theory?

(2) The term II scattering (equation 7) from vibronic activity in allowed electronic
transitions mainly results in fundamental transitions of non-totally symmetric vibrations.
This term corresponds to the B and C terms of the Albrecht theory?

(3) The term III scattering (equation 8) is the weakest in the three scattering mech-
anisms, as shown by two derivative terms (M’) in the electronic transition integrals.
Clearly, for a dipole forbidden transition (M° = 0) the only non-zero term is term III. The
term III scattering results in binary overtone and combination transitions of vibronically
active modes. It is noted that no fundamental transition survives.

In the case of polyenes, the term I scattering is dominant in the Raman spectra res-
onant with the 1'B, excited states?2-26: the contribution of the term III scattering is
important in the Raman spectra resonant with the 2 1Ag excited states?’. In addition, an

interference effect between the 1 B, and 2 1Ag states in a Raman-intensity vs excitation-
photon-energy plot (which is called an excitation profile) of the in-phase C=C stretch has
been suggested?s.
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lll. ELECTRONIC SPECTRA
A. Electronic Structure

Let us consider an unsubstituted linear polyene with N C=C double bonds, i.e. 2N -
electrons. The number of molecular orbitals equals the number of m-electrons. These
molecular orbitals can be classified into two types: N bonding orbitals and N antibonding
orbitals. It has been shown'? that three low-lying singlet states of linear polyenes are
described in terms of the configurations shown in Figure 2. The ground state Sq is well
described by the single configuration in which the N bonding orbitals are doubly occupied
(Figure 2a). For a normal m-system, the first excited state S; is described by the single
configuration which is derived from the ground state by promoting one electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), as shown in Figure 2b. However, in linear polyenes this state is the second
excited state S>. The S state is a correlated state that cannot be written in terms of a single
configuration because of electron correlation, but is approximately described by a linear
combination of the doubly excited configuration in which two electrons are promoted from
the HOMO to the LUMO (Figure 2c) and the double jump configuration in which one
electron is promoted from the HOMO to the LUMO + 1 (Figure 2d). Electron correlation
is essential for a correct description of the electronic state ordering for linear polyenes!»2.
In the all-frans planar structure (C2n symmetry), So and Sy have Ay symmetry and are
called 1 1Ag and 2 lAg, respectively; S has B, symmetry and is called 1 'B,. As a result,
the transition between So and S is dipole forbidden, whereas the transition between Sp
and S is dipole allowed.

The ultraviolet/visible absorption spectrum of a polyene shows an intense absorption
band and an extremely weak absorption band which is located below the strong absorption
band, as described in the following section. This spectral pattern is a general property of
linear polyenes of all chain lengths independent of local symmetry and/or the presence
of cis bonds. This is the reason why in the literature on polyenes the labels 1 1Ag for So,
2 1Ag for S| and 1By for S, are used even in cases where Cap symmetry is not realized.

The ordering that the 2 1Ag excited state is located below the 1B, excited state is peculiar
to linear polyenes.

Antibonding
| orbitals
LUMO+1 "
| Al

LUMO v K7

Al A A
HOMO K 1 |

Al Al Al Al

lv lv lv lv Bonding

Al Al Al Al orbitals

lv Iy ly ly

Al Al Al Al

lv lv lv lv

(a) (b) (© (@

FIGURE 2. Some configurations describing the low-energy singlet states of linear polyenes
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TABLE 1. Observed absorption maxima (Amax) and molar absorption coefficients (¢) of unsub-
stituted all-trans-polyenes

Nc=c Amax/nNm (z-:/l()3 Imol~!cem™) Solvent Reference
2 218.5 (23.0) cyclohexane 30
3 268 (34.6), 257 (42.7), 248 (30.5) iso-octane 29
4 303 (53), 289 (54.3), 276 (37), 264 (19.9) 95% ethanol 31
5 334 (121), 317 (115), 303 (71.2), 290 (37.1) iso-octane 29
6 364 (138), 344 (127), 328 (73.2), 313 (37.3) iso-octane 29
8 410 (108), 386 (112), 367 (72.8), 349 (35.8) iso-octane 29
10 447, 420, 397, 376 iso-octane 29

TABLE 2. Observed absorption maxima (Amax) and molar absorption coefficients (&)
of all-trans-o,w-dimethylpolyenes

Nc=c Amax /DM (8/103 Imol~!cm™!) Solvent Reference
2 226.5 (24.0) cyclohexane 30
3 274.5 (30.2) hexane 32
4 310 (76.5) hexane 32
5 341 (122) hexane 32
6 380 (146.5) chloroform 32
7 398 (52.5), 375 (56.2), 355 (33.9) dichloromethane 33
8 420 (53.7), 395 (56.2), 375 (36.3) dichloromethane 33
9 443 (58.9), 416 (63.1), 393 (43.7) dichloromethane 33
10 460 (39.8), 431 (60.3), 406 (36.3) dichloromethane 33

TABLE 3. Observed absorption maxima (Amax) and molar absorp-
tion coefficients (¢) of all-frans-a,w-dibutylpolyenes>*

Nc=c Amax/nm (g/10° I mol~' cm™) Solvent
2 237.2, 227.8, 219.8 n-pentane
3 275.6, 264.8, 255.6 n-pentane
4 311.4, 297.4, 284.8, 274.6 n-pentane
5 343.0, 325.8, 311.0, 297.8 n-pentane
6 371.2, 351.0, 334.2, 319.0 n-pentane
7 396.2, 373.6, 355.6, 338.0 n-pentane
8 418.8, 394.0, 374.0, 354.2 n-pentane
432 (111), 406 (103), 384 (643) dichloromethane
9 438.8, 411.2, 390.2, 371.8 n-pentane
452 (114), 424 (101), 402 (65) dichloromethane
10 456.4, 427.8, 405.2, 382.6 n-pentane
11 468.8, 439.4, 4144, 3934 n-pentane
13 494, 462, 438, 412 n-pentane

B. Ultraviolet/Visible Absorption Spectra

The absorption bands or peaks reported for the all-frans conformers of unsubstituted
polyenes® 3! &, w-dimethylpolyenes3?-32:33 | o, w-di-tert-butylpolyenes®*, o,w-diphenyl-
polyenes®3® and a,w-dithienylpolyenes3’ are complied in Tables 1-5, respectively. The
data for carotenoids are described in a previous review3. These absorptions are attributed
to the 1 By < 1 1Ag transitions (;r—* transitions).
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TABLE 4. Observed absorption maxima (Amax)
and molar absorption coefficients (¢) of all-trans-
a,w-diphenylpolyenes in benzene®®

Nc=c Amax/nm (/103 Imol~!ecm™1)

319 (21.7), 306 (24.3), 294 (23.5)
352 (26.1), 334 (40.0), 316 (30.4)
377 (52.1), 358 (74.7), 343 (54.3)
404 (76.9), 384 (86.0), 363 (58.2)
424 (88.6), 403 (93.8), 387 (60.8)
445 (109), 420 (113), 400 (76.4)

465 (122), 435 (135), 413 (86.9)

NN R W —

TABLE 5. Observed absorption max-
ima (Amax) of all-trans-a,w-dithienyl-
polyenes in dichloromethane’’

Nc=c Amax (nm)
3 404, 382, 364
4 426, 402, 380
5 443, 416, 395
6 461, 432, 409

As a typical example of polyene spectroscopy, absorption and fluorescence spectra®® of
trans,trans-1,3,5,7-octatetraene in hexane at 23 °C are shown in Figure 3. An absorption
band with several peaks is observed in Figure 3a. It should be noted that the positions of
electronic absorption bands strongly depend on solvents'-2. This absorption band is dipole
allowed, because the molar absorption coefficient of this band is very large (Table 1).
This band is attributed to the transition from the 1 1Ag ground state to the 1'B, excited
state (r-m* transition). Although the absorption peaks are due to vibrational transitions,
a precise vibrational analysis cannot be made because of the broad band widths. The
position of the observed emission spectrum (Figure 3b) shows a considerable red shift in

g (@) (b) g
5 g
2 &3
<
I I I I I I
280 320 360 400 440 480
Wavelength (nm)

FIGURE 3. (a) Absorption and (b) fluorescence spectra of trans,trans-1,3,5,7-octatetraene in hexane at
23°C. Reproduced by permission of American Institute of Physics from Reference 39
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comparison with the position of the absorption spectrum. In other words, a large Stokes
shift is observed. This emission band is due to the transition from the 2 lAg excited state to
the 14, ground state. The absorption band associated with the 2 4, < 'A, transition is
not observed, because this absorption is expected to be extremely weak. These assignments
of the absorption and emission spectra have been confirmed by the following experiments.
In one- and two-photon excitation spectra of trans,trans-1,3,5,7-octatetraene in n-octane
at 4.2 K (not shown), fine structures are observed, and these vibronic bands have been
analysed40. As a result, it has been shown that the 0-0 transition between the 2 lAg and
1 'Ag states is observed at 28561 cm™! (350 nm) and the 0-0 transition between the 1 B,
and 1 lAg states is observed at 32100 cm™! (312 nm).

The reported®*!:42 00 transition energies associated with the 2 'Ag and 1'B, excited
states are plotted against Nc=c in Figure 4. The transition energy for the 2 'Ag excited
state is always lower than that for the 1B, state for each polyene. The transition energy
for a series of excited states decreases with increasing number of C=C bonds (Nc=c). The
observed 1 B, « 1 1Ag (0-0) transition energy, E,, has been fitted by equation 93443

k

Cc=C

En(eV) =Eco + ©)

40
[ ]

30 °
I *
3 = .
F © W
5 20 & A
& &
=
2
F

10

0 T T T T T

2 3 4 5 6 7 8
Ne=c

FIGURE 4. Observed 0-0 electronic transition energies (cm~!) of linear polyenes>*42: @, 1B, «

14, and A, 24, < 1!, for unsubstituted polyenes; [1, 1'B, < 14, and &> 2, « 14, for
a,w-diphenylpolyenes



158 Yukio Furukawa

where E, and k are constants. From observed transition energies of «,w-dibutylpolyenes
(Table 3), Ex and k are determined to be about 1.56 and 9.5 eV in carbon disul-
phide, respectively, and about 1.79 and 9.4 eV in pentane, respectively3*. The differences
between these estimated values come from the fact that the observed transition energies
are sensitive to solvents. Equation 9 suggests that the 1 B, transition energy approaches
a finite limit (E) at infinite chain length. A trans-polyacetylene film prepared from the
polymerization of acetylene shows a very broad absorption band in the visible region; the
peak of the absorption is 1.95 eV and the edge of the absorption is 1.4 eV**. The Eo.
values, 1.56 and 1.79 eV, estimated from the data of «,w-dibutylpolyenes are not in good
agreement with the absorption edge, 1.4 eV, of trans-polyacetylene.

IV. VIBRATIONAL SPECTRA
A. Butadiene
1. s-Trans conformer

1,3-Butadiene (CH,=CH—-CH=CH;) has two C=C bonds and one C—C bond. It
has been shown experimentally that the most stable rotamer has the planar s-trans
structure® =47, The lengths of the C=C and C—C bonds are 1.341 and 1.463 A,
respectively*’. The infrared and Raman spectra of 1,3-butadiene in the vapour, liquid and
solid phases have been studied*® ! The spectra of deuterated®' = and '*C-substituted>®
analogs have been studied for the purpose of the assignments of vibrational spectra. On
the basis of these vibrational spectra, normal coordinate calculations have been performed
by the use of empirical force fields*~%0. The structure and vibrational frequencies of the
s-trans conformer have been calculated by ab initio MO methods®! =%, The assignments
of all the fundamental bands have been established.

The s-trans conformer of 1,3-butadiene belongs to Cy, symmetry. There are 24 normal
modes: 9ag + 4ay + 3bg + 8by. The ay and by modes are the in-plane vibrations, while
the ay and by modes are the out-of-plane vibrations; the vibrations of a, and by are
Raman active and the vibrations of a, and b, are infrared active. The observed and
calculated vibrational frequencies of s-trans-1,3-butadiene are listed in Table 6. Most of
the frequencies calculated even at the MP2/6-311G* level®* (column 6) are higher than
those observed (column 3); most of the frequencies calculated at the MP2/6-31G* level®
(not shown) are also higher than those observed. However, the frequencies obtained by a
scaled MP2/6-31G* calculation® (column 7) are in good agreement with those observed.
Vibrational modes of some strong Raman and infrared bands are as follows. The 1644-
cm~! Raman band (v4) is assigned to the vibrational mode in which two C=C bonds
stretch in phase. The 1279-cm™! Raman band (vg) is assigned to the CH in-plane bending,
and the 1206-cm™!' Raman band (v7) to the C—C stretch. The infrared bands observed
at 1022 and 905 cm™! (vyg and vi, respectively) are assigned to the CH out-of-plane
bending and CH, wagging, respectively.

The group-coordinate force constants (not shown) obtained by an empirical method®®
are in good agreement with those obtained by a scaled ab initio MO calculation at MP2/6-
31G* level®. Guo and Karplus® have calculated group-coordinate force constants at the
HF and MP2 levels with various basis sets (6-31G, 6-31G*, 6-311G and 6-311G*). In
most cases in-plane diagonal force constants decrease by 5% —15% from the corresponding
HF values when electron correlation is included via the MP2 method; the C=C stretch
force constant shows an especially larger decrease (20%) with all the basis sets, whereas
the C—C stretch force constant shows a smaller decrease (3%) with the 6-31G* and 6-
311G™ basis sets. It is noted that the C=C/C—C off-diagonal force constant increases by
15%-20% with all the basis sets in going from the HF to the MP2 method.
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TABLE 6. Observed and calculated vibrational frequencies (cm™!) of s-trans-1,3-butadiene

Sym No. Obsd* Caled Description
Empirical® MP2/6- Scaled
311G MP2/6-
31G*
ag Vi 3105 R, w 3102 3284 3107.0 CH; a-stretch
1% 3025 R, m 3039 3178 3020.4 CH stretch
V3 3014 R, m 2997 3189 3005.9 CH; s-stretch
Vs 1644 R, vs 1645 1719 1643.5 C=C stretch
Vs 1441 R, s 1446 1495 1444.8 CH; scis
% 1279 R, s 1296 1325 1285.8 CH ip-bend
vy 1206 R, s 1203 1248 1209.7 C—C stretch
Vg 887 R, w 901 914 892.0 CH; rock
Vg 513 R, m 510 521 511.3 CCC deform
ay Vio 1022 IR, vs 1019 1038 1016.4 CH op-bend
VI 905 IR, vs 908 891 909.6 CH, wag
vi2 535 IR, m 527 525 526.6 CH, twist
VI3 163° IR, vw 162 156 163.3 C—C torsion
by Vig 974 R, vw 969 980 969.8 CH op-bend
Vis 908 R, m 910 891 910.6 CH, wag
Vig 754 R, w 751 764 751.4 CH, twist
by V17 3103 IR, m 3101 3284 3115.7 CH; a-stretch
Vg 3062 IR, m 3029 3192 3042.6 CH stretch
V19 2986 IR, m 2997 3182 3026.0 CH; s-stretch
V20 1597 IR, vs 1601 1651 1601.3 C=C stretch
V2] 1381 IR, s 1387 1429 1387.7 CH; scis
V22 1297 IR, w 1293 1335 1293.9 CH ip-bend
V23 988 IR, w 995 1016 987.2 CH; rock
Vo4 301% IR, vw 300 298 299.8 CCC deform

@Reference 60. In an Ar matrix. R, Raman; IR, infrared; vs, very strong; s, strong; m, medium; w, weak; vw, very
weak.

bReference 51.

“Reference 60.

dReference 64.

“Reference 65.

Resonance Raman spectra of 1,3-butadiene vapour have been observed with several
laser lines between 239.5 and 165.7 nm?>”-%-67 A broad absorption spectrum due to the
1By « 1 lAg transition is observed in the region from 230 to 190 nm; the peak which
is attributed to the 0-0 transition is observed at 215.2 nm?’. Figure 5 shows the Raman
spectra taken with excitation wavelengths between 239.5 and 199.8 nm. The intensities
of fundamental, combination and overtone transitions of totally symmetric modes are
prominent in the spectra taken with the 212.8- and 199.8-nm laser lines (Figures 5e
and 5f); these features appear because of the resonance enhancement with the allowed
1!B, state through the term I (Frank—Condon) scattering mechanism. The v4 (the C=C
stretch) and v7 (the C—C stretch) transitions and their overtone and combination transitions
are especially enhanced, because the v4 and v; modes suffer the largest displacement
in equilibrium position in going from the ground electronic state to the 1B, excited
state. Since the 1 1BLl state results from a w-7* excitation, one would expect the C=C
double bond distances to become longer and the C—C single bond distance to become
shorter. On the other hand, a Raman spectrum resonant with the 1 B, excited state has
been calculated from the quantum chemical force field (QCFF/PI) method??; the results
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FIGURE 5. Raman spectra of s-trans-1,3-butadiene vapour. Excitation wavelengths: (a) 239.5 nm;
(b) 228.7 nm; (c) 223.1 nm; (d) 217.9 nm; (e) 212.8 nm; (f) 199.8 nm. The spectra shown on the right
are expansions. Reproduced by permission of American Institute of Physics from Reference 27

obtained have shown that the term I contributions to the a; modes are much larger than
the corresponding term II contributions.

In the case of the forbidden 2 1Ag <~ 1 1Ag transition, the contribution of the term III
scattering to Raman intensities is important, as described in Section II.D. In the Raman
spectra taken with the 228.7-, 223.1- and 217.9-nm laser lines (Figures 5b—5d), the inten-
sity of the 600-cm™! band due to the binary overtone of vy4(by) is enhanced; the vyg
band is assigned to the in-plane CCC deform (Table 6). It has been shown?7-% that 2vy4
is enhanced by resonance with the 2 1Ag state through the (024]Q24|124)(124|024]224) term.
It should be noted that the vy4 fundamental band is not enhanced through the term III
scattering mechanism. The vibronic coupling matrix elements between the 2 lAg and 1'B,
excited states are non-zero for promoting modes with b, symmetry; calculations of these
matrix elements for the eight b, modes have shown that vp4 is expected to be the most
active mode?’. In the case of trans,trans-1,3,5,7-octatetraene, a similar b, CCC deform
is a promoting mode which is active in vibronic coupling between the 1'B, and 2 1Ag
excited states!. From the Raman results of 1,3-butadiene, the 2 1Ag electronic state has
been estimated to be about 2000 cm™! below the 1B, state.

The Raman spectra of 1,3-butadiene have also been taken with the excitation
wavelengths in the range between 425 and 270 nm (pre-resonance conditions)®®. The
pre-resonance Raman excitation profiles have been analysed by the term I scattering
mechanism associated with the 1B, state, and the bond lengths and bond angles of
this state have been estimated; for example, the estimated lengths of the C;C, and
C,C3 bonds are 1.418 and 1.403 A, respectively. The term II contributions to the by
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(non-totally symmetric) modes in a non-resonant condition are clearly shown in the
spectrum calculated at the QCFF/PI method®?.

2. Gauche conformer

The potential energy function around the C—C bond of 1,3-butadiene has been stud-
ied by measuring the fundamental and overtones of the C—C torsional vibration®. The
structure of the second stable conformer (planar s-cis or gauche), however, was not deter-
mined, because few bands due to the second stable conformer were observed. The second
stable conformer has been detected by means of the combination of matrix-isolation
infrared spectroscopy and a high-temperature nozzle technique®®%%-70, The structure of
the second stable conformer has been proposed to be planar s-cis, on the basis of the
following reasons’!. The position of the observed electronic absorption maximum of the
second stable conformer is lower in energy than that of the s-trans conformer; this red
shift has been attributed to the s-cis conformer on the basis of the results of molecular
orbital calculations’!. On the other hand, a gauche structure is proposed from a vibra-
tional study®. A polarized infrared study has supported the s-cis conformation (maximum
dihedral angle, 10—15°)72. However, Bock and Panchenko’® have argued that there is no
direct correlation between the shift of the electronic absorption maximum and the confor-
mation of 1,3-butadiene, and the polarization measurements can be interpreted in terms
of a gauche structure. Ab initio MO calculations at high levels®>%*74~76 have been per-
formed, and all the results have indicated that the second stable conformer has gauche
structures. High-level ab initio MO calculations®>%+74=76 indicate that CCCC dihedral
angles are in the range between 35° and 40° and barriers to the s-cis transition state are
in the range between 0.5 and 1.0 kcalmol~'.

Vibrational spectroscopy has given us evidence that the second stable conformer has
a gauche structure. A gauche structure has C, symmetry. There are 24 normal modes:
13a+11b. The a and b modes are both Raman and infrared active. On the other hand, the
s-cis conformer has Cy symmetry. There are 24 normal modes: 9a; + 4a> + 8b; + 3b;.
The a; and b; modes are the in-plane vibrations whilst the a; and b, modes are the out-
of-plane vibrations. The vibrations of a1, b; and b, species are infrared active, whereas all
the vibrations are Raman active. It is noted that the infrared inactive ap vibrations of the
s-cis conformer are correlated with the infrared active a vibrations of a gauche conformer.
The observed infrared bands have been reasonably assigned to a gauche conformer, on
the basis of the results of empirical normal coordinate calculations® and high-level ab
initio MO calculations®*+7576 The observed and calculated vibrational frequencies of
gauche-1,3-butadiene are listed in Table 7. What is important is that the 727-cm~! band
is reasonably assigned to vij(a). The corresponding bands are observed at 594, 587
and 731 cm~! for 1,3-butadiene-1,1,4,4-ds,-d¢ and -1,4-13C,, respectively56’60. These
observations support the assignment of vy (a). The 1087-cm~! band has been attributed to
vy in Reference 56 and 64, but to v7 in Reference 60. A scaled MP2/6-31G* calculation®
indicates that the infrared intensity of vy is much larger than that of v;. The 1087-cm™!
band is thus assigned to vyg.

The second stable conformer of isoprene (HyC=C(CH3)CH=CH3) has also been stud-
ied experimentally’”-7® and theoretically’® 8!, It has been concluded that the second stable
conformer has a gauche structure’8 81,

B. Hexatriene

1,3,5-Hexatriene (CH,=CH—CH=CH—-CH=CH),) has three C=C bonds and two C—C
bonds. There exist geometrical isomers around the central C=C bond and rotamers around



162 Yukio Furukawa

TABLE 7. Observed and calculated vibrational frequencies (cm™!) of gauche-1,3-butadiene

Sym Sym* No. Obsd® Calcd Description

Empirical/ ~ MP2/6- Scaled
311G*  MP2/6-

31G*h
a ap Vi 3103 IR, m 3098 3286 3110 CH; a-stretch
aj V2 3014¢ IR, w 3032 3197 3035 CH stretch
ap V3 2986 IR, m 3000 3183 3024 CH; s-stretch
ai V4 1633 IR, w 1629 1687 1641 C=C stretch
aj Vs 1425 IR, m 1432 1487 1464 CH,; scis
ai Vg — — 1328 1350 1313 CH ip-bend
ap V7 — — 1081 1086 1057 CH; rock
a Vg 983 IR, vw 982 1001 1004 CH op-bend
a Vg 9154 IR, vs 915 914 943 CH, wag
ai Vio — — 872 905 859 C—C stretch
a Vi1 727 IR, w 731 754 733 CH, twist
ap VI2 — — 256 277 281 CCC deform
ay Vi3 136¢ 137 190 151 C—C torsion
b by Vig4 3103 IR, m 3098 3284 3108 CH; a-stretch
by Vis 3014¢ IR, w 3032 3179 3028 CH stretch
by Vi6 2986 IR, m 3001 3188 3014 CH; s-stretch
by V17 1612 IR, vw 1619 1688 1645 C=C stretch
by Vig 1403 IR, w 1413 1453 1431 CH; scis
by V19 — — 1278 1317 1284 CH ip-bend
by V20 1087 IR, w 1040 1112 1101 CH; rock
by V21 996 IR, vs 996 1024 1017 CH op-bend
by V2 914 IR, vs 907 910 946 CH; wag
by V23 596 IR, w 597 632 619 CCC deform
by Vo4 470 IR, m 465 462 455 CH; twist

“Corresponding symmetry species of the s-cis conformer with Cp, symmetry.

bReference 60. In an Ar matrix. R, Raman; IR, infrared; vs, very strong; s, strong; m, medium; w, weak; vw, very
weak.

“Double assignments.

dEstimated from the observed 1829 cm™! band (vg + v22).
¢Reference 69.
Reference 60.
8Reference 64.
hReference 63.

the C—C bonds (Figure 6). The trans and cis structures around the central C=C bond
are denoted as T and C, respectively, and the trans, gauche and cis structures around the
C—C bonds as t, g and c, respectively. The two stable conformers, tTt (Figure 6a) and
tCt (Figure 6d), exist at room temperature; the tTt and tCt conformers are called trans-
and cis-1,3,5-hexatriene, respectively.

1. Trans conformer

A gas-phase electron diffraction study3? has shown that trans-hexatriene has a planar
structure and the lengths of the terminal C=C, central C=C and C—C bonds are 1.337,
1.368 and 1.458 A, respectively. The infrared and Raman spectra of trans-hexatriene3 36
and its deuterated analogs®” ~3° have been reported. Normal coordinate calculations have
been performed by the extended Pariser—Parr—Pople CI method®®, the QCFF/PI method3®
and ab initio MO methods®%91=%4, There are 36 normal modes: 13ag + 6ay + 12by + 5b,.
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FIGURE 6. Conformers of 1,3,5-hexatriene: (a) tTt (trans); (b) gTt; (c) gTg; (d) tCt (cis); (e) gCt

The ag and by, modes are the in-plane vibrations whilst the a, and by modes are the out-of-
plane vibrations. The observed vibrational spectra and calculated frequencies are shown
in Table 8. The assignments of the fundamental bands except v, vg and o3 have been
established. The 3017-cm~! Raman band reported in Reference 89 is tentatively assigned
to vy, although this band is not observed in References 85, 86 and 93. The medium-
intensity Raman band observed at 1288 cm™! in Reference 85 probably corresponds to
the 1283-cm~! band in Reference 86; this band is assigned to v9. The very weak Raman
band at 1320 cm~! has been assigned to vg in Reference 85, whereas the Raman band
observed at 1288 cm~! as a shoulder in a carbon disulphide solution has been assigned
to vy in Reference 86. According to the assignments in Reference 93, the Raman band
observed at 651 cm™! in the solid state has been tentatively assigned to v»3. Vibrational
modes of some strong Raman and infrared bands are as follows. The 1626-cm™! Raman
band (vs) is assigned to the vibrational mode in which three C=C bonds stretch in-phase.
The 1288-cm~! band (vo) is assigned to the CH in-plane bend. The 1191-cm~! Raman
band (vjp) is assigned to the in-phase C—C stretch. The 1009-cm ™! infrared band (v14) is
assigned to the in-phase CH out-of-plane bending of trans —CH=CH—. The 900-cm~!
infrared band (vi¢) is assigned to the CH, wagging.

2. Cis conformer

A gas-phase electron diffraction study® has shown that cis-hexatriene has a slightly
twisted structure (torsional angle of 10° around the central C=C bond) and the
lengths of the terminal C=C, central C=C and C—C bonds are 1.336, 1.362 and
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TABLE 8. Observed and calculated vibrational frequencies (cm’l) of trans-1,3,5-hexatriene

Sym No. Obsd Calcd Description
Scaled Scaled MP2/
HF/6-31G8 6-31G*"

ag V] 3089 R, m 3097 3106 CH; a-stretch
v 3017° R, w 3022 3019 CHj s-stretch
V3 3000 R, m 3012 3005 CH stretch
I 2992 R, m 3008 2992 CH stretch
Vs 1626 R, vs 1649 1637 C=C stretch
Ve 1576 R, w 1558 1571 C=C stretch
V7 1399 R, m 1405 1397 CH,; scis
Vg 1288¢; 13204 R, w, sh; R, vw 1298 1296 CH ip-bend
Vg 12884 R, m 1275 1288 CH ip-bend
V1o 1191 R, s 1197 1195 C—C stretch
Vi1 932 R, w 930 938 CH; rock
V12 443 R, w 429 436 CCC deform
Vi3 353 R, w 344 349 CCC deform

ay Vi4 1009 IR, vs 1018 1020 CH op-bend
V15 941 IR, m 939 942 CH op-bend
Vie 900 IR, vs 903 901 CH; wag
V17 682 IR, m 672 680 CH, twist
Vg 248¢ IR, vw 246 245 C=C torsion
Vg 94¢ IR, vw 98 98 C—C torsion

by V20 986 R, vw 991 988 CH op-bend
1 903 R, w 913 901 CH; wag
V2 868 R, vw 858 866 CH op-bend
V23 615/ R, vw 589 600 C=C torsion
Vo4 215¢ R, vw 221 215 C—C torsion

by V25 3091 IR, m 3097 3106 CH; a-stretch
V26 3039 IR, m 3022 3018 CH stretch
V27 3008 IR, m 3017 3006 CHj, s-stretch
V28 2969 IR, w 3006 2994 CH stretch
V29 1624 IR, s 1618 1624 C=C stretch
V30 1429 IR, m 1444 1431 CH,; scis
V3] 1294 IR, w 1293 1287 CH ip-bend
V32 1255 IR, w 1251 1254 CH ip-bend
V33 1128 IR, w 1125 1123 C—C stretch
V34 964 IR, vw 955 960 CH, rock
V35 541 IR, w 533 544 CCC deform
V36 152¢ IR, w 145 148 CCC deform

@Reference 93. Observed in liquid.
bReference 89.

“Reference 86. Observed in CS; solution.
dReference 85. Observed in liquid.
¢Reference 86. Observed in vapour.

/ Observed in solid at low temperature.
8Reference 93.
"Reference 94.

1.462 A, respectively. The infrared and Raman spectra of cis-hexatriene®* 8¢9 and its

deuterated analogs®”-3% have been reported. The structures and vibrational frequencies
have been calculated by means of MO methods?”-88:91.93.94 " According to ab initio MO
calculations®!:93-%4 (HF/6-31G, HF/6-31G* and MP2/6-31G* levels), cis-hexatriene has a
planar structure. The observed vibrational spectra have been reasonably explained by the
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TABLE 9. Observed and calculated vibrational frequencies (cm’l) of cis-1,3,5-hexatriene

Sym No. Obsd® Calcd Description
Scaled Scaled MP2/
HF/631G¢ 6-31G*
aj vy 3090 R, w 3097 3105 CH; a-stretch
vy — — 3051 3038 CH stretch
V3 3011 R, m 3032 3016 CH stretch
vy 2995 R, m 3014 3012 CH; s-stretch
Vs 1626 R, vs 1649 1637 C=C stretch
Ve 1580 R, vw 1548 1558 C=C stretch
vy 1397 R, m; IR, vw 1405 1397 CHj; scis
vg 1318 R, m; IR, w 1317 1314 CH ip-bend
) 1247 R,s 1254 1249 CH ip-bend
V10 1084 R, w; IR, vw 1080 1085 C—C stretch
Vi1 883 R, w 862 875 CH; rock
Vi2 392 R, m 383 390 CCC deform
V13 166 R, w 164 173 CCC deform
a Vig 990; 1032° R, vw; R, vw 1007 985 CH op-bend
Vis5 953 R, w 962 918 CH op-bend
Vi6 905 R, w 908 901 CH; wag
V17 705 R, w 701 689 CH, twist
Vg 331 R, w 324 312 C=C torsion
by V19 1550 R, vw 148 140 C—C torsion
V20 3089 IR, s 3096 3105 CH; a-stretch
V21 3045 IR, m 3033 3025 CH stretch
V22 3014 IR, m 3015 3013 CH, s-stretch
V23 2979 IR, w 3007 2994 CH stretch
Vo4 1616 IR, s 1611 1617 C=C stretch
V25 1449 IR, s; R, vw 1456 1448 CH,; scis
V26 1355 IR, vw 1347 1350 CH ip-bend
V27 1279 IR, w 1284 1274 CH ip-bend
V28 1185 IR, w; R, w 1189 1192 C—C stretch
V29 950 IR, m; R, w 944 950 CH; rock
V30 675 IR, vw 675 679 CCC deform
V31 356 IR, w; R, vw 346 352 CCC deform
by V3 989 IR, s 994 988 CH op-bend
V33 906 IR, vs 915 904 CH; wag
V34 815 IR, m 789 838 CH op-bend
V35 590 IR, s 576 587 CH, twist
V36 100° IR 101 101 C—C torsion

@Reference 93. Observed in liquid.
bReference 86.
“Reference 93.
dReference 94.

planar structure (Cay symmetry). There are 36 normal modes: 13a; + 6as + 12b1 + 5b,.
The a; and b; modes are the in-plane vibrations and the a; and b, modes are the out-
of-plane vibrations. The aj, b1 and b, vibrations are infrared active and all the vibrations
are Raman active. The observed and calculated vibrational frequencies are shown in
Table 9. The assignments of the fundamental bands except v, vi4 and vy have been
established. Vibrational modes of some strong Raman and infrared bands are as follows.
The 1626-cm~! Raman band (vs) is assigned to the in-phase C=C stretch. The frequency
of this mode is almost equal to that of trans-1,3,5-hexatriene. The 1247-cm~! Raman
band (vy) is assigned to the CH in-plane bending. The 883-cm~! Raman band (v1;) is
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assigned to the C—C stretch. The 906-cm~! infrared band (v33) is assigned to the CH;

wagging. The 815-cm~! infrared band (v34) is assigned to the CH out-of-plane bending
of cis —CH=CH-.

3. Other conformers

Unstable conformers of trans- and cis-hexatriene have been detected by means of the
combination of matrix-isolation infrared spectroscopy and photoexcitation (or the high-
temperature nozzle technique)®. Ab initio MO calculations at the HF/6-31G level have
been performed for several conformers of 1,3,5-hexatriene®. The observed infrared bands
of unstable conformers have been attributed to the gTt (major species) and gTg (minor
species) conformers of trans-hexatriene and the gCt conformer of cis-hexatriene®3. It is
noted that, in the previous paper”®, the notation c is used for twisted structures for the
sake of simplicity. The calculated torsional angles around C—C bonds for the gTt, gTg
and gCt conformers are in the range between 32° and 45°. The observed and calculated
vibrational frequencies of gTt and gCt are reported in Reference 93.

C. Long Chain Polyenes

1. All-trans conformers

The Raman spectra of all-frans-a,w-dibutylpolyenes have been studied®’ systematically
as a function of Nc=c from 3 to 12. The observed Raman spectra of «,w-dibutylpolyenes
are shown in Figure 7. Four branches which are called vy, v, v3 and v4 are observed.
Figure 8 shows the plots of observed Raman frequencies against Nc=c for unsubstituted
polyenes®0:93:98.99 o o,_dibutylpolyenes®’ and carotenoids [B-carotene'® (Figure 1c),
rhodovibrin!®!, spirilloxanthinlm, decapreno—ﬁ—carotene102 (CsoHeg) and dodecapreno-S-
carotene!92 (CgoHgg)]. Trans -polyacetylene gives rise to the Raman bands similar to those
of polyenes'3~197 A trans-polyacetylene film consists of all-frans conjugated segments
with various conjugation lengths’~7. The all-trans structure is schematically shown in
Figure 9a. Figure 4 and Tables 1-5 show that with increasing Nc=c, the electronic
absorption maximum of the 1B, « 1 1Ag transition shifts to longer wavelengths. Thus,
a Raman spectrum taken with a red laser line provides Raman bands arising from a long
segment, whose conjugation length is not accurately determined. In the Raman spectrum
taken with the 632.8-nm laser line!?’, the 1457-, 1294-, 1174- and 1066-cm~! Raman
bands are observed. These frequencies are shown as dotted lines in Figure 8, in comparison
with those of the polyenes. The 1457-, 1294- and 1066-cm™' bands are assigned to
optically active a; modes under the infinite all-frans structure (Cop symmetry), whereas
the 1174-cm™" band is assigned to an optically inactive mode!?’. Normal coordinate
calculations have been performed for the all-frans conformers of unsubstituted polyenes
(Ne=c = 4-6)9-62.98.99.108—112 y14 the infinite all-frans structure!07-111.113=121

The frequency of the v; band, which is assigned to the in-phase C=C stretch, is not
affected by the substitution of hydrogen atoms with alkyl groups. The v; frequency is
sensitive to No=c!9%103 As Nc=c increases, the v; frequency decreases drastically; the
v frequency shows a downshift of about 190 cm™! in going from 1,3-butadiene to trans-
polyacetylene. Ab initio MO calculations®!!1-112 at the HF and MP levels have shown
that electron correlation has a profound effect on the frequency of the in-phase C=C
stretches (v1). While these unusually low frequencies of the vy bands for the ground state
¢! 1Ag) are observed, unusually high frequencies of corresponding modes are observed for

the 2 1Ag electronically excited state; these results have been explained® by the vibronic
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FIGURE 7. Raman spectra of «,w-dibutylpolyenes in solid (Nc=c = 3-12). Reproduced by permission
of American Institute of Physics from Reference 97

coupling between the llAg ground state and the 21Ag excited state. The observed v
frequencies have been fitted by equation 10'?% and equation 11°7:

K

—_— 10
R V—— (10)

vl(cm_l) =

where Vo = 1454 cm™! (the observed v; frequency of frans-polyacetylene) and K =
727 em~ !, and

/

an

—1 /
vi(cm =V +
1( ) =V Newe

where vgo = 1438 cm~! and K’ = 830 cmfl; these values have been obtained from the
observed v; frequencies of a,w-dibutylpolyenes (Nc=c = 7-12). By using equation 10
or 11, it is possible to estimate Nc=c of the all-frans structure from the observed v,
frequency. It should be noted that equation 10 or 11 gives a rough estimation of Nc=c
in the region of large Nc=c values.

The v, band is assigned to a mixture of the C—C and C=C stretches. The frequencies
of the vy bands are insensitive to Nc=c.

The v3 and v4 bands are assigned to mixtures of CH in-plane bend and C=C and C—C
stretches. The frequencies of these bands are affected significantly by the substitution of
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FIGURE 9. Chemical structures of polyacetylene: (a) trans-transoid (trans); (b) cis-transoid (cis)

hydrogen atoms with alkyl groups. In a series of unsubstituted polyenes, the intensity
of the v3 band is much larger than that of the v4 band. On the other hand, for a series
of a,w-dibutylpolyenes, the intensity of the v4 band is much larger than that of the v3
band. These observations indicate that the mode mixing between v3 and v4 for o,w-
dibutylpolyenes is different from that for unsubstituted polyenes. The spectral features of
a,w-dibutylpolyenes are similar to that of trans-polyacetylene.
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It has been reported'? that infrared frequencies of the CH out-of-plane bending

vibrations of olefins are sensitive to the number and position of hydrogen atoms attached
to the C=C bond. The in-phase CH out-of-plane bending vibrations are observed
in the range between 1009 and 1015 cm~': 1009, 1011, 1010 and 1015 cm™!, for
trans—hexatrienego, trans,trans—1,3,5,7—octatetraen398, all—trans—l,3,5,7,9—decapentaene99
and trans-polyacetylene!?, respectively.

2. Cis conformers

In addition to the vibrational spectra of cis-hexatriene, only the frequencies 1604
and 1260 cm™! of cis,cis-octatetraene!? have been reported for unsubstituted polyenes.
Raman studies'? 126 of the S-carotene conformers with one or two cis C=C bonds have
shown that frequencies and intensities of several Raman bands in the region between
1300 and 1100 cm™! are sensitive to the conformation of S-carotene. The Raman and
infrared spectra of all-frans retinal and its geometrical isomers with one or two cis bonds
are described in a previous review!!. A cis-polyacetylene film contains mainly all-cis
conjugated segments’!>*. The all-cis structure is shown schematically in Figure 9b. In
the Raman spectrum'?’ of a cis-polyacetylene film, strong bands are observed at 1540,
1250 and 910 cmfl; these bands have been assigned to the ag modes of the infinite all-cis
structure (D, symmetry). Normal coordinate calculations have been performed for the
infinite all-cis structure' %128 The 1540-, 1250- and 910-cm~! bands of cis-polyacetylene
correspond to the 1626-, 1247- and 883-cm™! bands of cis-1,3,5-hexatriene, respectively.
Since the number of the C=C bonds of all-cis conjugated segments in cis-polyacetylene
is believed to be large, it is likely that the frequency dispersion of the C=C stretches
for all-cis polyenes is smaller than that for all-frans polyenes. It has been reported'??
that the CH out-of-plane bending vibrations of cis —CH=CH-— are observed between
675 and 730 cm™! for olefins. The corresponding vibration is observed at 815 cm™! for
cis-hexatriene. The strong infrared band observed at 740 cm~! for cis-polyacetylene is
assigned to the CH out-of-plane bending'?*; the corresponding bands are observed at
810, 800, 760 and 748 cm™! for cis-copoly(acetylene + acetylene-d>), and these bands
have been attributed to the cis CH out-of-plane bending vibrations of (—CH=CH-);,
(—CH=CH-);, (-CH=CH-)3-5 and (—CH=CH-),, (n > 6), respectively124. The CH
out-of-plane bending is thus a marker for cis —CH=CH—.

Since there are few studies on the vibrational spectra of polyenes with cis C=C bonds,
experimental studies of cis polyenes are required.
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I. INTRODUCTION

The present review is intended as a convenient starting point for chemists interested in
the electronic structure of diene and polyene radical cations, by providing leading refer-
ences to publications dealing with particular molecules, and by presenting the essential
ground rules governing their electronic structure. With regard to the latter we have tried
to avoid—as much as possible —sophisticated treatments dear to the specialists of the-
oretical chemistry, by using only such concepts of molecular orbital theory that can be
found in elementary introductions! (in particular, the Hiickel HMO model?), or even in
modern textbooks such as Atkins’s Physical Chemistry>. In other words, we shall try to
discuss our topic by translating the results of more complex theoretical treatments into the
type of HMO formalism to which chemists have become accustomed in the wake of the
Woodward -Hoffmann rules*>. Whenever we need to refer to more advanced theoretical
methods, we shall do so on an elementary, qualitative level.

We are aware that our review is by no means complete, the topic of diene and polyene
radical cations having ramifications into such diverse fields as biology or interstellar
chemistry. In the following we shall first discuss the photoelectron spectra of dienes
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and polyenes, not only because of their relative simplicity, but also because the results
derived from them form the basis for the detailed investigations using more sophisticated
methods. In a second section we turn to other, often complementary methods which have
been used for probing the electronic structure of polyene radical cations. In particular
we shall discuss the relationship between the photoelectron spectra of polyenes and the
electronic absorption spectra of the corresponding radical cations, as well as the necessary
implementation of the simple HMO formalism needed for an adequate correlation of
such data.

It should be mentioned that the present review does not cover in detail the ground-state
electronic and/or molecular structure of diene and polyene radical cations as revealed, for
example, by electron spin resonance (ESR) spectroscopy or variants thereof.

Il. PHOTOELECTRON (PE) SPECTROSCOPY

Classical UV photoelectron (PE) spectroscopy as pioneered by D. W. Turner® is
nowadays —like futurology—a thing of the past. Much more precise and efficient
methods are available for studying the electronic states of radical cations M™*, making
use of lasers, molecular beams and low-temperature matrices (see Section III). However,
because of its inherent simplicity, Turner-type PE spectroscopy can still be a convenient
tool for exploratory investigations of the lower electronic states of radical cations M™,
yielding the corresponding ionization energies with an accuracy of 0.1 to 0.05 eV.

A. PE Spectrum and lonization Energies

The theoretical and experimental principles of PE spectroscopy have been reviewed
extensively’ 1%, In particular, the reader is referred to the chapter The Photoelectron Spec-
tra of Saturated Hydrocarbons in the volume The Chemistry of Alkanes and Cycloalkanes
of the present series'!. Consequently we shall limit ourselves to the essentials needed for
following the arguments presented in this chapter.

The primary process taking place in a PE spectrometer is best viewed as a ‘reaction’
in which a closed-shell diene or polyene M in its electronic (singlet) ground state 'Wg
reacts with a photon of energy hv to yield a radical cation M™* in one of its electronic
doublet states z\ilj, and an electron e~ which carries off the excess energy Eyiy, ;:

M('Wg) + v —— M 20;) + e (Exin, ;) (1

It has become customary to characterize state functions (and also other wave functions)

of the radical cation by a tilde, e.g. 2y iz
The ionization energy /; of a closed-shell ground-state molecule M is defined as the

energy needed to yield M** in its electronic state 2y j according to

M('Wp) —— M*C¥)) + e (Exin = 0) )
or, if E(!¥y) and E(Z\Ilj) are the energies of M Wy) and of M*'(zlifj) respectively, I ;
is given by

1; =ECV)) — E("W) 3)

If the radical cation Mt*(2¥ j) is created according to equation 2 in its minimum-energy
geometry when in the electronic state 2Q j» and if both M ¥g) and M (20 7) are in their
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respective vibrational and rotational ground states, then the ionization energy defined
by equation 3 is called the adiabatic ionization energy, denoted by I?. If the structure

of M(!Wy) is conserved during the process (equation 2), i.e. if M+ U ;) has exactly
the same internal structure parameters as the closed-shell molecule M(Wy), then the
ionization energy defined by equation 3 is called the vertical ionization energy / }f, which
satisfies the condition I)f >T 3

From equations 1-3 it follows that

I;= hv — Exin,j 4)

which requires that the photon energy hv must be larger than the ionization energies I ;
in which we are interested, i.e. hv > I;. For the spectra discussed below the photon
sources used are excited helium atoms, He(I), or helium ions, He(II), yielding photons of
hv =21.2 eV and hv = 40.8 eV, respectively.

The photoelectron spectrometer is an instrument which scans the range 0 < Eyin <
hv of the kinetic energies Eyin of the ejected photoelectrons and thus—according to
equation 4 —the range 0 < I < hv of ionization energies, recording for each value of
I the count rate cps (cps = counts per second), i.e. the number of electrons ejected per
second from a stream of molecules M in the gas phase. The plot of cps vs I is known as
the photoelectron (PE) spectrum of M. Figure 1 shows the PE spectrum of a hypothetical
molecule M.

Contrary to naive expectation, the PE spectrum does not consist of sharp lines, but of
rather broad, sometimes fine-structured bands. Apart from some minor effects with which
we shall not be concerned, this is mainly due to two facts. To begin with, not all neutral
molecules M(! Wy) of the gas sample are present in their vibrational and rotational ground
state, but most of them in vibrationally and rotationally excited states. More importantly,
the radical cations Mt*(2¥ ;j) are obtained according to equation 1 in various degrees of
vibrational and rotational excitation. The corresponding changes in ionization energy lead
to the observed band contours, known as ‘Franck-Condon envelopes’. If one vibrational
mode dominates, it will lead to a resolvable vibrational fine structure of the band. With
reference to Figure 1, we briefly mention how the shape of the Franck—Condon envelope
can yield information about the structural changes accompanying the transition from M
to M**, Band @, in which the first vibrational component is the most prominent, is

cps

a ~TY ~ 1Y
~1 Lo L~ =15 I~

FIGURE 1. Photoelectron spectrum of a hypothetical molecule
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traditionally thought to indicate that the transition M —> M+'(2\IJ1) is accompanied
by small changes in geometry, whereas the envelope of band @ is assumed to be
the consequence of a significant change in the equilibrium structure accompanying the
transition M —> M+'(2\D2). However, these are only rules-of-thumb which suffer notable
exceptions. During the transitions M —> M+'(2\IJ3) and M — M+°(2\IJ4) SO many
vibrational (and rotational) degrees of freedom are excited that the fine structure of bands
(3 and (@) remains unresolved. For this reason, it is usual to characterize the positions of
the individual bands in the PE spectrum by quoting the ionization energy / T corresponding

to the band maximum. The assumption IT ~ I;, i.e. that the band maximum position
IT can be roughly identified with the vertical ionization energy I‘;, is a sufficiently good

approximation for most practical applications.

As a real example we show in Figure 2 the PE spectrum of 1,1-divinylcyclopropane
(46 in Table 1)12, taken from the considerable number of diene and polyene PE spectra
published by R. Gleiter and his coworkers. In the second column of the insert (5) are
listed the I‘;l values in eV corresponding to the first bands of 46.

Cation I r]n V) Vacated
@ state orbital ¢;
DO x 9.0 3b,
@ A 9.8 2a )
® B 10.9 8a,
@ ¢ 11.7 6b,
® D 11.9 2b,

OO ®ae

>

COUNTRATE

-
o
-
b
-
-

FIGURE 2. Photoelectron spectrum of 1,1-divinylcyclopropane 46'2
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The symbols in the second column of (5) stand for the electronic doublet states of
the radical cation M, i.e. X for its electronic ground state 2\111, and A, B, C ... for its

electronically excited states 2\32, 2@3, 2‘114 .. .. The conventional labels presented in the
fourth column of (5) (which assume that 1,1-divinylcyclopropane 46 has C,, symmetry)
are those of the molecular orbitals ¢; having lost the photoelectron according to the
theoretical models to be discussed in Section II.C. [The lower-case orbital labels, such as
ay, by etc., refer to the irreducible representations A;, By etc. of the group to which they

belong. In contrast, the state labels A, B, etc. shown in the second column of (5) have no
group theoretical meaning.] Such a list of labels is called the ‘assignment’ of the spectrum.
With rare exceptions such an assignment cannot be deduced from the PE spectrum alone,
but is either derived from a quantum-chemical calculation, or inferred by correlation
with the assigned PE spectra of closely related molecules. With reference to the primary
process (equation 2), the symmetry implied by the labels of the molecular orbitals ¢; is

also that of the co~rresp0n~ding radical cation statesf\fl j &g for l,l—divinylcyclopro;:ane:
(pL = 3b1 — X = 2\111(31); @ = 202 — A = 2\112(A2); 3 = 8[11 — B =
2\1/3(A1); etc.

B. PE Spectra of Dienes and Polyenes

Table 1 lists publications containing PE spectra or PE-spectroscopic ionization energies
of dienes and polyenes defined by

C,H,, m=2mn—d—r—+1) (6)

where d is the number of double bonds and r the number of rings. For the smaller
molecules the entries have been limited to leading references only. The table is largely
based on a computer search, performed in March 1995, using the STN International
Beilstein file. For references to work prior to 1970 the reader is referred to the fundamental
treatise Molecular Photoelectron Spectroscopy by D. W. Turner, C. Baker, A. D. Baker

and C. R. Brundle’. Another useful source of additional references for the period 1971
to 1981 is the compilation lonization Potential and Appearance Potential Measurements

edited by Rhoda D. Levin and Sharon G. Lias'.

Concerning the contents of Table 1 the following points should be noted:

(1) Hydrocarbons containing one or more triple bonds in addition to double bonds
have been excluded from the file, as have been radicals (e.g. the allyl radical C3Hs")
and aromatic molecules, i.e. molecules for which more than one ‘unexcited’ resonance
structure (Kekule structure) can be written. Consequently, hydrocarbons such as phenyl-
substituted polyenes, or annulenes — bridged or unbridged —have not been included.

(2) A rather special case are unsaturated, cyclic hydrocarbons undergoing second-order

double-bond localizationm, e.g. cyclobutadiene or pentalene. Although equivalent pairs
of Kekule structures can be written for these molecules, they assume a structure with
alternant single and double bonds, corresponding to only one of these structures. These
molecules will be dealt with later, in a separate section.

(3) Linear and branched molecules, as well as some of the monocyclic ones, are identi-
fied only by their [IUPAC names if their structure is immediately obvious. In the absence
of accepted trivial or easy-to-read systematic names, larger polycyclic dienes and polyenes
with rather unwieldy IUPAC names have been given numbers (4th column of the Table),
which refer to the formula scheme following Table 1.

(4) Reference numbers followed by ‘He(Il)’ refer to PE spectra recorded with He(II)
radiation, which therefore show also bands in the ionization energy region above 24 eV.
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TABLE 1. PE spectra of dienes and polyenes C, H,,
[m=2(n —d—r+ 1) where d = number of double bonds and r = number of rings]

C,H,, Name? References
r n m No.
Dienes: d = 2
0 3 4 1 Allene 15, 16 He(ll), 17
4 6 2 1,3-Butadiene 15, 16 He(ll), 18-26,
27 He(ll)
3 1,2-Butadiene (Methylallene) 16 He(l), 17
5 8 4 (3E)-1,3-Pentadiene (1-Methylbutadiene) 16 He(ll), 20, 21, 25,
28
5 2-Methylbutadiene (Isoprene) 16 He(ll), 20, 25, 28
6 3-Methylbuta-1,2-diene
(1,1-Dimethylallene) 16 He(ll), 17
7 2,3-Pentadiene (1,3-Dimethylallene) 16 He(l), 17
8 1,4-Pentadiene 29, 30
6 10 9 4-Methyl-1,3-pentadiene
(1,1-Dimethylbuta-1,3-diene) 2
10 (2E, 4E)-Hexa-2,4-diene 16 He(ll), 20
11 2,3-Dimethylbuta-1,3-diene 16 He(ll), 20, 25, 28
12 (3E)-3-Methylpenta-1,3-diene 25
13 (3E)-2-Methylpenta-1,3-diene 25, 31, 32
14 (3Z)-2-Methylpenta-1,3-diene 31, 32
15 2-Methylpenta-2,3-diene
(1,1,3-Trimethylallene) 16 He(l), 17
16 (3E)-Hexa-1,3-diene 21, 25, 31, 33
17 Hexa-1,5-diene 29, 34
7 12 18 2,4-Dimethylpenta-2,3-diene
(Tetramethylallene) 16 He(ll), 17
19 2,4-Dimethylpenta-1,3-diene 25
20 1,1-Dimethylpenta-1,4-diene 30
21 3,3-Dimethylpenta-1,4-diene 35
22 1,6-Heptadiene 29
8 14 23 (4E)-2,3-Dimethylhexa-2,4-diene 36
24 (3E)-Octa-1,3-diene 21
25 2,5-Dimethylhexa-2,4-diene 16 He(ll), 20, 25
26 (2Z, 4Z)-3,4-Dimethylhexa-2,4-diene 37
27 (2Z, 4E)-3,4-Dimethylhexa-2,4-diene 37
28 (2E AE)-3,4-Dimethylhexa-2,4-diene 37
29 (4E)-2,3-Dimethylhexa-2,4-diene 36
30 (4E)-2,4-Dimethylhexa-2,4-diene 36
31 (4Z)-2,4-Dimethylhexa-2,4-diene 36
32 Octa-1,7-diene 29
9 16 33 Nona-1,8-diene 29
11 20 34 2,2,6,6-Hepta-3,4-diene
(1,1-Di-¢-butylallene) 17
12 22 35 2,3-Di-t-butylbuta-1,3-diene 37
1 4 4 36 Methylidenecyclopropene 38
5 6 37 Cyclopentadiene 39
6 8 38 3-Vinyl-3-methylcyclopropene 40, 41
39 1,2-Dimethylidenecyclobutane 42
40 1,3-Dimethylidenecyclobutane 42
41 1-Methylcyclopentadiene 43
42 5-Methylcyclopentadiene 43
43 3-Methylidenecyclopentene 44
44 Cyclohexa-1,3-diene 15, 39
45 Cyclohexa-1,4-diene 15, 45-47

(continued overleaf)
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TABLE 1. (continued)

C,.H,, Name? References
r n m No.
Dienes: d = 2
1 7 10 46 1,1-Divinylcyclopropane 12
47 3-(2-Propenyl)-3-methylcyclopropene 40
48 4-Methylidenecyclohexene 48
49 Cyclohepta-1,3-diene 39, 49
50 Cyclohepta-1,4-diene 50
8 12 51 3-(1-Isobutenyl)-3-methylcyclopropene 40
52 cis-1,2-Divinylcyclobutane 51
53 trans-1,2-Divinylcyclobutane 51
54 cis-1,3-Divinylcyclobutane 51
55 trans-1,3-Divinylcyclobutane 51
56 1,2-Dimethylidenecyclohexane 48
57 Cycloocta-1,3-diene 39, 50
58 Cycloocta-1,4-diene 50
59 Cycloocta-1,5-diene 50
9 14 60 (1E, 1E)-Di-(1-propenyl)cyclopropane 52
61 (1E,1Z)-Di-(1-propenyl)cyclopropane 12
62 (1Z,1Z)-Di-(1-propenyl)cyclopropane 16, 52
63 Cyclonona-1,2-diene 17
10 16 64 1,2,3,4,5-Pentamethylcyclopentadiene 53
65 3,3,6,6-Tetramethylcyclohexa-1,4-diene 54
66 (1Z,5E)-Cyclodeca-1,5-diene 39
67 (1Z,6Z)-Cyclodeca-1,6-diene 39
68 (1E,6E)-Cyclodeca -1,6-diene 39
11 18 69 Hexamethylcyclopentadiene 53
2 6 6 70 (Bicyclo[2.2.0]hexa-2,5-diene) 55
71 (Dewar benzene)
Bicyclopropyl-2,2’-diene 56-59
7 8 72 6-Methylidenespiro[2,3]hex-4-ene 60
73 5-Methylidenebicyclo[2.2.0]hex-2-ene 61
74 Spiro[2.4]hepta-4,6-diene(Homofulvene) 16, 62, 63
75 (Bicyclo[2.2.0]hexa-2,5-diene)
Norbornadiene 26, 28, 45, 59, 64
8 10 76 1,1’-Dimethylbicyclopropyl-2,2’-diene 65
77 Spiro[3,4]octa-5,7-diene 63, 66
78 2,3-Dimethylidenebicyclo[2.1.1]hexane 67, 68
79 Bicyclo[4.2.0]octa-2,4-diene 69, 70
80 Bicyclo[4.1.1]octa-2,4-diene 68, 71
81 Bicyclo[2.2.2]octadiene 16, 45, 56
82 5-Methylidenebicyclo[2.2.1]hept-2-ene 48
83 Spiro[2.5]octa-4,6-diene 72
9 12 84 Spiro[4.4]nona-1,3-diene 63, 66
85 5-Vinylbicyclo[2.2.1]hept-2-ene 73
86 5-Ethylidenebicyclo[2.2.1]hept-2-ene 73
87 2,3-Dimethylidenebicyclo[2.2.1]heptane 48
88 5-Methylidenebicyclo[2.2.2]oct-2-ene 48
89 exo-Bicyclo[4.3.0]nona-3,7-diene 74
90 endo-Bicyclo[4.3.0]nona-3,7-diene 74
91 Bicyclo[3.2.2]nona-2,6-diene 75
92 Bicyclo[3.2.2]nona-6,8-diene 75
93 Bicyclo[4.2.1]nona-2,4-diene 76
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C,H,, Name References
r n m No.
Dienes: d = 2
10 14 94 7-Isopropylidenebicyclo[2.2.1]hept-2-ene 77
95 2,3-Dimethylbicyclo[2.2.2]octa-2,5-diene 78
96 2,3-Dimethylidenebicyclo[2.2.2]octane 48
97 Bicyclo[6.2.0]deca-2,6-diene 51
11 16 98 6,7-Dimethylbicyclo[3.2.2]nona-6,8-diene 78
12 18 99 Hexamethyl-Dewar benzene 58, 79
100 1,5-Dimethyl-3,7-dimethylidene-
bicyclo[3.3.0]octane 80
101 1,4,5,6-Tetramethyl-2,3-dimethylidene-
bicyclo[2.1.1]hexane 67
3 8 8 102 exo-Tricyclo[4.2.0.0%3]octa-3,7-diene 81, 82
103 endo-Tricyclo[4.2.0.0%3 Jocta-3,7-diene 81, 82
104 Tricyclo[5.1 .0.0%8]octa-2,5-diene
(Semibullvalene) 83
105 Tricyclo[3.3.0.0%%]octa-3,7-diene 81
106  3.4-Dimethylidenetricyclo[3.1.0.0>%]hexane 67, 68
107 Tricyclo[4.1.1.07 81octa-2,4-diene 58
9 10 108 Nortriquinacene 84
109 7-Cyclopropylidenenorbornadiene 85
110 7,8-Methanobicyclo[2.2.2]octa-2,5-diene 86
111 exo-Tricyclo[4.2.1.0%%nona-3,7-diene 82
112 endo-Tricyclo[4.2.1.0>7 Inona-3,7-diene 82, 87
113 Tricyclo[5.1.0.1*8]nona-2,5-diene 83
10 12 114 Dispiro[2.2.2.2]deca-4,9-diene 54, 88
115 Dispiro[2.0.2.4]deca-7,9-diene 72
116 endo-Dicyclopentadiene 89, 90
117 Dihydrobullvalene 91
118 Tricyclo[5.3.0.02*8 ]deca-3,5-diene 92
119 Twistadiene 93
120 Dimethylidene-bisnortwistane 93
121  syn-Tricyclo[4.2.1.1%7 deca-3,7-diene 94
11 14 122 Dispiro[2.0.2.5]undeca-1,5-diene 65
123 8-Isopropylidenetricyclo[3.2.1.0>* Joctene 77
124 5,9-Dimethylidene-nortwistane 93
12 16 125 1,5-Dimethyl-3,7-dimethylidene-
tricyclo[3.3.0.0>3 Joctane 80
126 1,2,5,6-Tetramethyl-3,4-dimethylidene-
tricyclo[3.1 .0.0%%]hexane 67
127 [4.4.2]Propella-3,11-diene 81, 95
128 2,5-Dimethylidene[4.2.2]propellane 96
129  Tricyclo[4.2.2.2>]dodeca-1,5-diene 96
130 Tricyc10[5.5.0.02* 81dodeca-3,5-diene 92
13 18 131 2,8-Dimethylidene[3.3.3]propellane 97
14 20 132 [4.4.4]propella-2,4-diene 98
16 24 133 3,4,5,6,7,8,12,15-octahydro[2.2]para-
cyclophane 99
4 10 10 134 Hypostrophene 100, 101

(continued overleaf)
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TABLE 1. (continued)

C,H,, Name References
r n m No.
Dienes: d = 2
4 12 14 135  Tetracyclo[6.4.0.0%!2. 0>?]dodeca-2,6-
diene 102
136 45,6/, 7 -Tetrahydrospiro[cyclopropane-
1,2'-[4,7]-methano-2H -indene] 103
137 exo,exo-1,4,4a,5,8,8a-Hexahydro-1,4:5,8-
dimethanonaphthalene 104
138 exo,endo-1,4,4a,5,8,8a-Hexahydro-1,4:5,8-
dimethanonaphthalene 105
139 endo,endo-1,4,4a,5,8,8a-Hexahydro-1,4:5,8-
dimethanonaphthalene 105
140 2,5-Ethano([4.2.2]propella-7,9-diene 56
141 2,5-Etheno[4.2.2]propell-3-ene 56
142 syn-Sesquinorbornadiene 106
143 anti-Sesquinorbornadiene 106
144 1,5-Dimethyl-3,7-dimethylene-
tetracyclo[3.3 .0.0%8.0%%]octane 80
14 18 145 4,5 ,6/,7-Tetrahydrospiro[cyclopentane-
1,2'-[4,7]-methano-2H -indene] 103
5 12 12 146 Pentacyclo-
[6.4.0.0%3.0%10.0%%]dodeca-6,11-diene 107
13 14 147 [2.2.1]Triblattadiene 108
148 4,7-Dimethylidene-
pentacyclo[6.3.0.0260%10,0%9] undecane 108
16 20 149 endo,endo-
Pentacyclo[10.2.1. 1°-8.0%4.0*9 hexadeca-
6,13-diene 109
6 17 20 150 exo,exo-1,4,4a,5,8,8a,9,9a,10,10a-
Decahydro-1,4:5,8:9,10-trimethanoan-
thracene 109
151 endo,endo-1,4,4a,5,8,8a,9,9a,10,10a-
Decahydro-1,4:5,8:9,10-trimethanoan-
thracene 109
7 20 24 152 7,12-Dimethylidenehepta-
cyclo[6.6.0.0%6.0%13 0411 059 010 14]tetra-
decane 110
153 Heptacyclo-
[10.8.0.0%6.0%11 017 07-11 07-16]icosa-
1(12), 16-diene 111
8 15 12 154 Bis(7-quadricyclylidene)methane 112
22 26 155 endo,endo-1,4,4a,5,5a,6,6a,7,10,10a,11,
11a,12,12a-Tetradecahydro-1,4:5, 12:6,
11:7, 10-tetramethylnonaphthacene 109
9 20 20 156 Bissecododecahedradiene 113
10 27 32 157 endo,endo-1,4,4a,5,5a,6,6a,7,7a,8,11,11a,
12,12a,13,13a,14,14a-octadecahydro-
1,4:5,14:6, 13:7, 12:8, 11-pentamethano-
pentacene 109
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TABLE 1. (continued)
C,H,, Name References
r n m No.
Trienes: d = 3
0 4 4 158 Butatriene 16 He(ll), 114, 115
159 Tetradeuteriobutatriene 114, 115
5 6 160 Penta-1,2,4-triene (Vinylallene) 116
6 8 161 (3E)-Hexa-1,3,5-triene 20, 23, 117-119
162 (3Z)-Hexa-1,3,5-triene 20, 23, 117-119
7 10 163 (3E, 5E)-Hepta-1,3,5-triene 118
164 (3E, 5Z)-Hepta-1,3,5-triene 118
165 (3E)-2-Methylhexa-1,3,5-triene 118
166 (3E)-3-Methylhexa-1,3,5-triene 118
167 Trivinylmethane 120
8 12 168 Tetramethylbutatriene 114, 115
169 (3E)-6-Methylhepta-1,3,5-triene 118
170 (3E,5E)-5-Methylhepta-1,3,5-triene 118
171 (2E, 4E, 6E)-Octa-2,4,6-triene 118
20 36 172 Tetra-t-butylbutatriene 114, 115
1 6 6 173 [3]Radialene 121-123
174 3,4-Dimethylidenecyclobutene 124
175 Fulvene 62, 124-126
7 8 176 1-Methyl-3,4-dimethylidenecyclobutene 127
177 6-Methylfulvene 125
178 5-Methylidenecyclohexa-1,3-diene 61
179 Cyclohepta-1,3,5-triene 50
8 10 180 1,2-Dimethyl-3,4-dimethylidenecyclobutene 127
181 6-Ethylfulvene 125
182 6,6-Dimethylfulvene 125
183 4,5-Dimethylenecyclohexene 48
184 Cycloocta-1,3,5-triene 50, 70
185 Cycloocta-1,3,6-triene 50, 70
9 12 186 6-Propylfulvene 125
187 6-Isopropylfulvene 125
188 1,6-Dimethylcyclohepta-1,3,5-triene 128
189 Cyclonona-1,4,7-triene 26, 49
10 14 190 6-Isobutylfulvene 125
191 6-1-Butylfulvene 125
192 6,6-Diethylfulvene 125
12 18 193 6,6-Dipropylfulvene 125
194 Hexamethyl-[3]-radialene 129
2 7 6 195 Bicyclo[3.2.0]hepta-1,4,6-triene 130
8 8 196 7-Methylidenenorbornadiene 131
197 Barrelene 26, 86, 122, 132
198 1,2-Dihydropentalene 133
199 1,4-Dihydropentalene 133
200 1,5-Dihydropentalene 133
9 10 201 5,6-Dimethylidenenorborn-2-ene 48
202 Spiro[4.4]nona-1,3,5-triene 63
203 Spiro[4.4]nona-1,3,6-triene 63
204 Bicyclo[3.2.2]nona-2,6,8-triene 75
205 Bicyclo[4.2.1]nona-2,4,6-triene 49, 76
10 12 206 7-Isopropylidenenorbornadiene 26, 77
207 4,5-Dimethylidenebicyclo[2.2.2]octene 48
208 Bicyclo[4.2.2]deca-3,7,10-triene 134
209 1,4,5,8-Tetrahydronaphthalene 26, 47, 135
210 6,6-Tetramethylenefulvene 125

(continued overleaf')
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TABLE 1. (continued)

C,H,, Name References
r n m No.
Trienes: d = 3
11 14 211 Bicyclo[4.4.1]undeca-1,3,5-triene 128
14 20 212 11,12-Dimethylbicyclo[5.3.2]dodeca-1,6,11-
triene 117
3 10 10 213 Triquinacene 136
214 Bullvalene 91
215 7-Cyclopropylidenenorbornadiene 137
216  Tricyclo[5.3.0.0>8]deca-3,5,9-triene 92
11 12 217 Tricyclo[5.3.1.017 Jundeca-2,4,9-triene 138
218 Tricyclo[6.2.1 .02*6]undeca-2,5,9-triene 139
219 Tricyclo[6.2.1.0>¢Jundeca-2,6,9-triene 139
12 14 220  Tricyclo[4.4.1.1>%]dodeca-3,7,9-triene 89
221 9-Isopropylidene-endo-tri-
cyc10[4.2.1.02’5Jn0na—3,7—diene 82
222 [4.4.2]Propella-2,4,11-triene 95
223 [4.4.2]Propella-3,8,11-triene 95
14 18 224 2,8,9-Trimethylidene[3.3.3]propellane 97, 120
4 12 12 225 3,7,9-Trimethylidene-
tetracyclo[3.3.1 .0%8.0%%]dodecane 140
226 syn-Sesquinorbornatriene 106
227 anti-Sesquinorbornatriene 106
18 24 228  Tetracyclo[8.2.2.2%3.2%%]octadeca-1,5,9-
triene 141, 142
5 14 14 229 [2.2.2]Blattatriene 108
230 4,7,11-Trimethylidenepenta-
cyclo[5.3.9.0%°,0310.0%2Jundecane 108
6 18 20 231 Distella-2,2,6,6-triene 143
Tetraenes: d = 4
0 5 4 232 Pentatetraene 144
6 233 Hexa-1,2,4,5-tetraene (Bisallenyl) 116
8 10 234 (3E, 5E)-Octa-1,3,5,7-tetraene 23, 145
9 12 235 Tetravinylmethane 35, 120
1 7 6 236 6-Methylidenefulvene 146
8 8 237 [4]Radialene 147
238 p-Quinodimethane 148
239 Cyclooctatetraene 18, 50, 149
10 12 240 2,3-Dimethyl- p-quinodimethane 150
241 2,5-Dimethyl- p-quinodimethane 150
242 Cyclodeca-1,2,6,7-tetraene 151
12 16 243 trans, trans, trans-1,2,3,4-Tetravinylcyclo-
butane 120, 152
244 syn, trans, syn-1,2,3 4-Tetravinylcyclobutane 152
245 4,9-Dimethylidenecyclodeca-1,6-diene 153
16 24 246 Octamethyl-[4]radialene 154
2 9 8 247 [4.4]Spirononatetraene 63, 155
10 10 248 9-Methylidenebicyclo[4.2.1]deca-2,4,7-
triene 156
249 Bicyclo[4.2.2]deca-2,4,7,9-tetraene 157
11 12 250 2,2-Dimethyl(2H )indene 26, 121
251 2,3,5,6-Tetramethylidenenorbornane 158
12 14 252 2,3,5,6-Teramethylidenebicyclo[2.2.2]octane 158
13 16 253 Bicyclo[5.4.2]trideca-7,9,11,12-tetraene 50
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C,H,, Name References
r n m No.
Tetraenes: d = 4
3 10 8 254 [4.2.2]Propellatetraene 56
12 12 255 [4.4.2]Propella-3,7,9,11-tetraene 69
256 Tricyclo[[6.4.0.01'7]dodeca-3,5,9,l 1- 95
tetraene
257 9,19-Dimethylidene-
tricyclo[5.3.0.0>8]deca-3,5-diene 92
258  Tricyclo[5.5.0.0>3]dodeca-3,5,9,11-tetraecne 92
14 16 259 1,4,5,6,9,11-Hexahydroanthracene 47
260 [4.4.4]Propella-2,4,7,9-tetraene 98
16 20 261 anti-1,2,5,6-Tetramethyl-3,4,7,8-
tetramethylidenetricyclo[4.2.0.0% Joctane 159
262 1,2,5,6-Tetramethyl-3,4,7,8-tetra-
methylidenetricyclo[3.3.0.0>®Joctane 159
263 2,3',5,6'-Tetrahydro[2.2]paracyclophane 99
12 10 264 2,5-Etheno-[4.2.2]propella-3,7,9-triene 56
15 14 265 Dispiro-(bicyclo[2.2.1]hepta-2,5-diene-7,1’-
cyclopropane-2’,7”-bicyclo[2.2.1]hepta-
2" 5"-diene 112
20 24 266 2,2',5,5 -Tetrahydro[2.2.2.2]
(1,3,4,6)(1',3" 4’ ,6)cyclophane 99
8 29 18 267 Octacyclo-
[12.5.1 '02,7 .02, 13 '07, 1 8.08, 13 .08, 16 .017'20]ei—
cosa-3,5,9,11-tetraene 160
Polyenes: d > 5
d=>5
2 10 8 268 2-Methylidene-(2H)indene 161
12 12 269 5,6,7,8-Tetramethylidenebicyclo[2.2.2]oct-
7-ene 158
3 12 10 270 2a,8b-Dihydrocyclopenta[c,d]azulene 128
271 [4.4.2]Propellapentaene 95
4 18 20 272 1,4,5,6,7,10,12-Octahydronaphthacene 47
d=6
2 12 10 273 2,6-Azulylene 162
14 14 274 2,3,5,6,7,8-Hexamethylidene-
bicyclo[2.2.2]octane 163
14 12 275 [4.4.4]Propellahexaene 98
4 15 12 276 Bis(7-norbornadienylidene)methane 112
d=17
4 20 20 277 2,7-Dihydro-2,2,7,7-tetramethylpyrene 164
d=38
3 22 24 278 7,14-Diisopropylidene-7,14-dihydro-syn-
1,6:8,13-bismethano[ 14]annulene 165
d=11
2 40 56 279 B-Carotene 166, 167
280 (15Z)-p-Carotene 168

“TUPAC name is given first, followed by trivial name in parentheses.
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C. Interpretation of PE Spectra

In principle, refined and relatively reliable quantum-theoretical methods are available for
the calculation of the energy change associated with the process of equation 2. They take
into account the changes in geometry, in electron distribution and in electron correlation
which accompany the transition M) — M+'(2\il j), and also vibronic interactions
between the radical cation states. Such sophisticated treatments yield not only reliable
predictions for the different ionization energies 5,15 or I'f, but also rather precise
Franck—-Condon envelopes for the individual bands in the PE spectrum. However, the com-
putational expenditure of these methods still limits their application to smaller molecules.
We shall mention them later in connection with examples where such treatments are
required.

For most practical purposes —and certainly for the discussions in this chapter —much
simpler models are entirely adequate for a qualitative or semiquantitative rationalization
of the features of PE spectra of dienes and polyenes. Before using such models, we first
situate them within the genealogy of quantum-mechanical treatments.

A convenient starting point is an ab initio'%® or semiempirical'’® SCF calculation
yielding the singlet ground configuration !'®, for a closed-shell molecule M with 2n
electrons, which is assumed to be a sufficiently good approximation for the ground-state
Wy of M. This configuration I®g is written as a Slater determinant in terms of the n
doubly occupied canonical molecular orbitals (CMO) ¢; (equation 7). By convention ¢y
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represents a CMO occupied by an electron with spin «, and ¢ with spin g:

"o = ||01610282- - 9j@; - Pubn| (7

The next approximation is to assume that exactly the same CMOs ¢, can be used for
writing the electronic doublet configurations 2® j of the radical cation MT, by simply

removing one of the two electrons occupying the CMO ¢; in the closed-shell molecule
M. This yields

N {H§01¢1<P2<?>2'~-<Pj"'%%H
2%, = (8)

01819202+ @) -+ - @upu |

In agreement with the convention for the states >¥ ;j of radical cations, their configurations
29 j are again characterized by a ‘tilde’. The top line of equation 8 corresponds to the
component of 20 j with spin S, = 71/2, and the bottom one to §; = —h/2. Figure 3 shows
on the left the energy-level diagram of the lowest three states Z\ilj of a radical cation

M** relative to the level of the electronic ground-state 1y, of the neutral parent molecule
M, and on the right side the symbolic representations of the corresponding configurations
(equations 7 and 8), i.e. of L and 2d>j.

20, |

2
.
»

Zq,v] v | s || sme— 2&)] e e

1y, D, O=0 ®,
=O=C= | 9

FIGURE 3. Graphical representation of the electron configuration !®q of a closed-shell molecule M
and of the configurations 2 ; of its radical cation M1* as approximations to the states 'wy and 2 I
(j = 1,2,3). The arrows in the representations of 2d, and 2533 indicate that these configurations
correspond to electronic excitations of M*, relative to its ground-state configuration 29,
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The approximation underlying the expression in equation 8 and Figure 3, i.e. using
frozen CMOs g}, not only implies that M and M have the same geometry, but also that
we disregard electron rearrangement, i.e. changes in the CMOs ¢ when an electron is
removed from ¢;, and changes in electron correlation. Notwithstanding these restrictions,

the energy change E(2® ) —E (!®g) is then a useful approximation for the vertical
ionization energy /:

EC®)) —E('®) =1} ©)

It has been shown by Koopmans!’! that under the above simplifications (same rigid
geometry of M and M™*, frozen CMOs ¢;) the energy difference E o ) —E (1dy) is
equal, up to sign, to the orbital energy &; of the CMO ¢; of the neutral molecule M from
which the electron has been ejected:

EC®) —E(dy) = —&; (10)

The resulting relationship
I j =-&; (11)

known as the Koopmans theorem!’!, is the basis of almost all qualitative and many

semiquantitative discussions of PE spectra.

Under the above assumption that removal of an electron from a CMO ¢; of M will
leave the geometry of the system unchanged, both the closed-shell molecule M and the
radical cation M** belong to the same symmetry group G. Because the closed-shell ground
configuration ' ® is totally symmetric, the radical cation configurations 2p j must neces-
sarily belong to the same irreducible representation of the group G as the vacated CMO
@;. It follows that a discussion of ionization energies based on the Koopmans theorem
can be carried out, without loss of generality, on the level of the CMOs ¢;. All that is
needed in this approximation are the orbital energies £; of the CMOs ¢; of M, their
nodal properties, the irreducible representations of G to which they belong and —in some
cases — additional characteristic values that can be derived from the set of the occupied
CMOs ¢}, such as bond orders (bond populations) or charge distributions.

All this suggests a further simplification, which has proved to be eminently successful
in many cases. It is known that independent electron treatments, such as the Hiickel
(HMO) treatment? or the extended Hiickel treatment (EHT)!”2, which do not take the
electron—electron interaction explicitly into account, yield—by and large — orbitals ¢;
which are close approximations to those derived from sophisticated SCF calculations. In
particular, the HMO and ETH molecular orbitals reflect faithfully the symmetry and nodal
properties of their counterparts obtained from SCF treatments.

In the following we shall discuss the different models in context with their application
to particular problems arising in the discussion of diene and polyene PE spectra.

D. Planar Conjugated Polyenes
1. Introductory remarks

This section concerns unsubstituted planar polyenes C, H,,, n even and m = n+2(1—r),
r being the number of rings, i.e. m-systems with all atoms, C and H, in a common plane.
Low man on the totem pole of quantum-chemical models adequate for such polyenes (and,
of course, for aromatic w-systems) is the Hiickel (HMO) treatment? which assumes strict
orthogonality between the molecular o- and m-orbitals. Under the assumption of this so-
called ‘o/m-separation’ the w-orbitals can be dealt with independently of the o manifold
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by forming linear combinations of appropriate basis orbitals i, which are antisymmetric
with respect to reflection through the molecular plane:

0= mucu (12)
"

With respect to an otherwise unspecified operator H one defines the energy a, of a basis
function 5, and the interaction term b, between two basis functions #, and 7, as

ay = Ny [H] um (13)

and
by = (nyu Hlny). (14)

To obtain the 7r-orbitals ¢; of the polyene model system and their orbital energies £; one
first diagonalizes the N x N matrix defined by equation 15, N being the number of basis
functions 7,:

ar by biz - bin
by ay by - by

M=| 031 b2 a3 - bay (15)
bnvi by2 byz -+ an

This yields the N orbital energies (eigenvalues)
E=EjCay - buy-+) (16)
and the corresponding N eigenvectors C; = (¢, j)T, the components ¢, ; of which define

the molecular orbitals
©j = Nucu (17)
I

The orbital energies £; so obtained depend, as shown in equation 16, on the parame-
ters a,, and by, which are thus available for calibration by comparison with experimental
data, i.e. by matching the &; to observed band positions I‘}l for a series of polyenes. To
this end we postulate that /3 = —&;j. Although this looks suspiciously like the Koopmans
theorem (equation 11) it should be realized that / ‘j’ = —&; is now simply the consequence
of assuming independent electrons. Whereas £; in equation 11 contains the explicit inter-
actions of an electron in ¢; with all the other 2n - 1 electrons of the molecule M, this
is no longer the case if £; is calculated by an independent electron procedure. (Notwith-
standing this important difference, it has become customary to refer to / }’ = —&; as the
Koopmans theorem even if it is applied to an independent electron model.) Once the
parameters a, and by, have been calibrated using a limited set of polyenes, it is found
that they allow the computation of reasonably reliable predictions of ionization energies
for other polyenes.

2. Linear combination of two-centre w-orbitals

The simplest model of this kind—and admittedly a rather naive one—is to choose
two-centre m-orbitals 7, as basis functions. The prototype for the 7, is the m-orbital of
ethene. Because ejection of an electron from this orbital yields the low-energy band, at
I = 10.5 eV, in the ethene PE spectrum shown in Figure 4, A = —I{ = —10.5 eV is
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é- @ H,C=CH,
®
©
@
®
J 1 1 1 1 3 ] 1 ] 1 1

0 11 12 13 14 15 16 17 18 19 [ (eV)

Band State I (eV)

® X 10.51 (7-band)

©) A 12.85

©) B 14.66 (o-bands)

®@ ¢ 15.87

® b 19.1

FIGURE 4. Photoelectron spectrum of ethene:

a first, rough estimate of the basis energy of the two-centre 7-orbitals 7,,. We introduce
the following simplifications:
(1) The basis energies (equation 13) are assumed to be the same for all basis functions
Ty, e a, = A:
(my IH| ) = A for all p (18)

(2) The cross terms (equation 14) differ from zero only if 7, and 7, are conjugated,

in which case they are assigned the same value B:
(my IH|y) =B if u, v conjugated (19)

=0 otherwise

Under these conditions the 7-system of a given polyene with N double bonds can be
characterized by a graph G in which each of the N basis w-orbitals 7, is represented by
a node and each cross term B by an edge, as shown in Figure 5. Such a graph translates
into an adjacency matrix A = (A,,) with A, = 1 if u and v are connected by an edge,

and zero otherwise. (Do not confuse A with A,,!) To give an example, the adjacency
matrix A of (3E)-hexa-1,3,5-triene 161 (cf Figure 5) is

010
1 0 1 (20)
010

Diagonalization of A yields the eigenvalues X; and the corresponding eigenvectors

C; = (C,.j). From these one obtains the N orbital energies

gj=A+XjB (1)
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FIGURE 5. Representative graphs G for an independent electron model based on linear combinations
of two-centre m-orbitals 77,. Examples: 1,3-butadiene 2, (3E)-hexa-1,3,5-triene 161, heptafulvene and
sesquifulvalene

and the N molecular orbitals
vj= Z”MCM (22)
"

Thus the diagonalization of the matrix 20 yields X = -2, X, =0, X3 = /2 and,
according to equation 21, £; = A—+/2B, & = A and & = A++/2B. Using the Koopmans
theorem (equation 11) the w-bands in the PE spectrum of (3E)-hexa-1,3,5-triene 161 are
therefore expected at positions I} = —A 4+ /2B, I} = —A and I}, = —A — +/2B. If this
procedure is applied to a series of planar w-systems, e.g. ethene, 1,3-butadiene 2, (3E)-
hexa-1,3,5-triene 161, fulvene 175 and other unsubstituted polyenes, and if the computed

P coy o . .
ionization energies /I ... = & are compared to the corresponding experimental values

I‘jf or I'Jn by means of linear regression techniques, one obtains roughly A ~ —10.2 eV and
B ~ —1.2 eV. Using these values for e.g. (3E,5E)-octa-1,3,5,7-tetraene 234, one finds,
according to the above procedure, I‘l’,ca]c = 83¢eV, I‘2l,calc =95¢eV, I‘ica]c = 10.9 eV
and I} ., = 12.1 eV, which compare favourably with the experimental findings for 234
shown in Figure 6 and in Table 2.

The limitations of this naive approach are immediately obvious, if one considers that
the molecules [3]radialene 173, 3,4-dimethylidenecyclobutene 174 and fulvene 175 give
rise to the same graph G (see display 23) and thus to identical predictions for their three
7 ionization energies. Using the above parameters one finds / Y,calc =13 e = 9:0€V,
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FIGURE 6. Photoelectron spectra of (a) 1,3-butadiene 2, (b) (E)-hexa-1,3,5-triene 161 and (c) (3E,
5E)-octa-1,3,5,7-tetraene 234

and / ‘3’ cale = 12.6 €V, the first two values being degenerate because of the D3, symmetry
of the graph G. Whereas this result is compatible with the experimental results for 173

of the same symmetry as G (see Table 2), it is at odds with those for 174 and 175, which
lack the symmetry of G.

a7 174) (7s) (23)

6 /\

This shortcoming could be avoided and the treatment improved by assigning different
basis energies A.y, and A, 4, to exocyclic and endocyclic basis orbitals 7, and by adjust-
ing the cross terms, but this is not really worthwhile. (For a more detailed discussion of
the model see elsewhere!73.)

3. The standard Hlickel treatment

In the familiar standard Hiickel treatment®!’* of planar 7-systems, the basis functions
are atomic orbitals (AO) 2p, , = ¢, z being the coordinate perpendicular to the molecular
plane. In analogy to the previous model, the basis energies of the atomic orbitals ¢, and
the cross terms between neighbouring pairs of AOs, ¢, and ¢,, are defined by

(¢ H| ¢y) = o for all (24)
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and

(¢ IH| ¢) = B if p, v conjugated (25)

= 0 otherwise

Under these conditions a m-system extending over N carbon centres is represented
by a graph G'7 in which the nodes correspond to the basis orbitals ¢, and the edges to
those cross terms (equation 25) which are equal to 8. Diagonalization of the corresponding
adjacency matrix A — sometimes called the Hiickel matrix —yields N eigenvalues x; and
the corresponding eigenvectors C; = (¢, ;). These quantities define the orbital energies
&; and the Hiickel molecular orbitals ¢; (HMO) according to

£ =a+x;p (26)

and

0j=> ucuj @7)
n

To demonstrate the quality of this simple approach we show in Figures 6 and 7 the
PE spectra of 1,3-butadiene 2, (3E)-hexa-1,3,5-triene 161, (3E, SE)-octa-1,3,5,7-tetracne
234, [3]radialene 173, 3,4-dimethylidenecyclobutene 174 and fulvene 175. The observed
positions / T of the m-bands are collected in the third column of Table 2, and the eigen-
values x; obtained from standard HMO models in the fourth. A least-squares calculation
yields the linear regression

I (V) =7.15 + 2.60 x; (28)

shown in Figure 8. As can be seen, the agreement is rather satisfactory in view of the
simplicity of the treatment. The values / ‘]’ cale Calculated according to equation 23 are listed
in the last column of Table 2. Using the Koopmans theorem (equation 11) in conjunction
with equations 26 and 28, the following calibration of the basic parameters is obtained:

a=-7.15eV, B=-2.60eV (29)

4. Alkyl-substituted planar dienes and polyenes

Restricting ourselves, as before, to molecules C,,H,, we shall discuss only the conse-
quences due to the replacement of hydrogen atoms by alkyl groups R. The influence of the
substituents R on the orbital energies £; of the sr-orbital ¢; of the parent molecule —and
thus, according to the Koopmans theorem, on the ionization energy I}, calc — 18 assigned,
within an HMO treatment, to two causes:(a) to an inductive effect and (b) to hypercon-
jugation.

(a) Inductive effect. If a hydrogen atom in position p of a planar m-system is replaced
by an alkyl group R, the inductive effect of R, is assumed to change the basis energy
of the atomic orbital ¢, from « to

ap(Ry) =a+day(Ry) (30)

The perturbation da,(R ) is positive for all alkyl groups, increasing with increasing size
of the group R,. The change 6€jina = &; — &; of the orbital energy &; due to the
inductive influence of alkyl substituents R, in positions p of the parent molecule can be
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FIGURE 7. Photoelectron spectra of (a) fulvene 175, (b) dimethylidenecyclobutene 174 and
(c) [3]radialene 173
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FIGURE 8. Regression of observed vertical ionization energies l;“ on the corresponding HMO x; values
for the set of planar polyenes listed in Table 2

TABLE 2. Observed band positions / '/“ and calculated HMO ionization energies / \j/',calc
for some polyenes

Polyene I7(eV) Xj T care V)
2 Butadiene 9.03 0.618 8.73
11.46 1.618 11.33
161 (3E)-Hexa-1,3,5-triene 8.29 0.445 8.28
10.26 1.247 10.37
11.90 1.802 11.81
234 (3E, 5E)-Octa-1,3,5,7-tetraene 7.79 0.347 8.03
9.61 1.000 9.37
10.89 1.532 11.11
12.20 1.879 12.01
173 [3]Radialene 8.94 0.618 8.94
13.00 2414 13.40
174 3,4-Dimethylidenecyclobutene 8.80 0.555 8.57
9.44 0.802 9.44
13.30 2.247 13.30
175 Fulvene 8.55 0.618 8.73
9.54 1.000 9.72
12.80 2.115 12.62

estimated by a first-order perturbation calculation according to

8Ejina =Y _dap(R,y)ch; (31)
P

where the summation carries only over the substituted positions p. According to the

Koopmans theorem (equation 11) the corresponding change 6/ ;,md of the ionization energy
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1 is then given by

v
Jj,calc

8% ing = —8Ejina = — Y_ S, (Ry)ck; (32)
P

Note that the shift 6/ )f,ind is always negative, meaning that the inductive influence of alkyl
substituents leads to a reduction of the ionization energies I‘jf,calc
calculated for the parent molecule.

If one assumes that the substituents R exert only an inductive effect, a crude cali-
bration of da,(R,) is obtained from m-ionization energy shifts 8/7 observed for alkyl-
substituted ethenesl76, as shown in Figure 9. It is seen that the size of |81 ‘1’| increases
with increasing number of C-atoms of the alkyl group. Because both atomic orbital coef-
ficients of the ethene m-orbital m = (¢1 + ¢2)/ V2 are equal to 1/+/2, one obtains from
equation 32 the following (upper) estimates for dc,(R,): da(Me) = 1.6 eV; Sa(Et) =
1.8 eV; da(i-Pr) = 2.0 eV; da(-Bu) = 2.2 eV. [Note that these da(R,) values correlate
linearly with the differences Ac*(R) = 0*(R) — 0*(H) of Taft’s inductive parameters
a*(R)'77: Ac*(Me) = 0.49, Ao*(Et) = 0.59, Ac*(i-Pr) = 0.68, Ac*(¢-Bu) = 0.79.].
Such a parametrization has to be taken with a grain of salt, as it implies that alkyl groups
exert only an inductive effect. In addition, it refers only to single substitution at a double
bond. If a double bond is multiply substituted, the observed shift 617 is smaller than the
sum of the individual 31\;,ind values calculated according to equation 32 for each of the
substituting alkyl groups.

(b) Hyperconjugation. Hyperconjugation between a w-orbital ¢; and a pseudo sr-orbital
¢r of a substituting alkyl group R can be taken care of by a model first proposed
by Mulliken!’®. To this end one assigns a basis energy ar to ¢r and a cross term

relative to the values

AI(R)
%:
-2eVp s
./ H H
H R
-leV

AIR) = I(R)=1(H)

| 2 3 4
Me Et i-Pr t-Bu
n-Pr n-Bu

FIGURE 9. Shifts AI(R) of the w-ionization energy of ethene induced by a single alkyl group R = Me,
Et, n-Pr, i-Pr, n-Bu and 7-Bu
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Bor = (¢, |H| ¢Rr) to the interaction of ¢r with the atomic orbital ¢, at the point of sub-
stitution. The shift 8&; 1y, caused by a single substitution can be estimated by second-order
perturbation theory according to

8E nyp = (cpiBor)*/(Ej — aR) (33)

If this is rewritten in the form SE.j,hyp = [ﬁf)R/ & - ozR)]c% ;j» one sees that for a given

alkyl group R this hyperconjugative shift is again proportional to clzj ; in analogy to the
inductive shift (equation 32). The expression in square brackets increases with decreasing
difference £; — ar, which is in general positive for the top s-orbitals. This means that
m-orbitals ¢; lying closer in energy to the pseudo m-orbital ¢r are more strongly affected
by hyperconjugation than the upper ones. As long as the 7r-orbital ¢; lies above ¢r, the
hyperconjugative shift 6/ }f!hyp = —8& nyp calculated according to equation 33 is again
towards lower ionization energies, adding to the one due to the inductive effect (see
equation 32), with the result that the total shift 61}“1c = Sly’indﬁ—SI}f,hyp is given — within
our simple model —for a multiply substituted 7-system by

aly,calc == Z (aaP(RP) + IBIZJR/(EJ - aR)) C'%j Gb
0

Hoffmann has pointed out!”® that one should also expect significant through-space

interaction (i.e. hyperconjugation) between alkyl groups R and two-centre w-orbitals which
are not directly bonded, as shown schematically in diagram 35 for R = Me. (In this
example we have used the model described in Section I1.D.2, i.e. using as basis a two-
centre orbital 7 and a pseudo s-orbital 77'(CH3) for the methyl group.) The effect of this
type of interaction can be shown by comparison of the two m-ionization energies I} and
Iy of (2E,4E)-hexa-2,4-diene 10 and of 2,3-dimethylbuta-1,3-diene 1120, Whereas the
mean w-ionization energy (I} + I3) /2 is the same for both molecules, i.e. 11.33 eV and
11.31 eV respectively, the split /5 — I is quite different, namely 3.07 eV and 2.28 eV.
These observations are nicely explained by Hoffmann’s theory, as shown in Figure 10
which is self-explanatory.

(35)

A special case is met when the substituent is the cyclopropyl group, because of the
presence of high-lying almost m-type o-orbitals. These orbitals, W and Wg, shown
schematically in diagram 36, have been introduced by Walsh!80 to explain the properties
of molecules containing the cyclopropane moiety.

A
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n.b.th.sp.

n(CHy) N m, m(CHy)

FIGURE 10. Correlation diagram showing the influence of non-bonded through-space (n.bd.th.sp) inter-
action between the pseudo w-orbitals 7(CHz) (circles) and the double-bond m-orbitals 7, and 7y, (ovals)
on the m-orbital energies of the butadiene m-system. A, is the basis energy of m, and 7, and A the
inductive and hyperconjugative destabilization (see equation 34)

Because these orbitals—which are degenerate in cyclopropane because of its Dzp
symmetry —are close in energy to two-centre mw-orbitals, and because the antisymmet-
ric Walsh orbital Wp consists essentially of a 2p-orbital in position 1, a cyclopropyl
substituent acts almost as another two-centre r-orbital in direct conjugation with that of
the substituted double bond, as sketched in diagram 37. It follows that the PE spectra of
molecules in which the cyclopropyl group is ideally aligned for optimal conjugation with
a planar w-system, will be very similar to that of the corresponding polyene. For example,
the PE spectrum of spiro[2.4]hepta-4,6-diene (homofulvene) 74 resembles that of fulvene
175, as shown in Figure 11.

(37

However, for a more detailed and reliable rationalization of the PE spectroscopic con-
sequences due to conjugation with a cyclopropyl moiety, it is of advantage to use a model
originally proposed by Forster'®! and later by Coulson and Moffitt'32. The advantages of
this model, where the high-lying cyclopropane orbitals are written in terms of localized
CC o-orbitals (diagram 38), have been discussed elsewhere!83,

1) |

5. Special cases

a. Deviations from planarity. The moderate bending and twisting of a single double
bond has only a very small effect on its s-ionization energy because of an internal
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FIGURE 11. Comparison of the PE spectra of (a) fulvene 175 and (b) homofulvene (spiro[2.4]hepta-
4,6-diene) 74

compensation of different electronic effects'®*. (An example is provided by the analysis
of the PE spectrum of tricyclo[4.2.2.22'5]dodeca-1,S-diene 129%°)) In contrast, the twisting
about the single bond connecting two conjugated double bonds, e.g. in butadiene 2, has a
large effect on both w-ionization energies I} and I’; leading in particular to a significant
reduction of the gap Al = I3 — I|. As shown by Maier and Turner'8> this effect can
be accounted for within an independent electron model by assuming that the cross term
between the two conjugated m-orbitals 11 and 7, or between their linked atomic orbitals
¢2 and ¢3 depends on the twisting angle t according to the equations

(1 |H| m2) = B12 = Bcost 39)

or
(¢ H| ¢3) = B2,3 = BcosT (40)

where T = 0° for the s-frans conformation. As a result the observed ionization energy
gap depends on t
Al =15 — I = Al;—pcost 41)
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This relationship has been used with success to derive the twisting angles t between
two conjugated double bonds'®, and a particularly nice example is provided by the
PE spectroscopic determination of the dihedral angle v = 58° which perfluorobutadiene
assumes in the gas phase'® '8¢ Figure 12 presents the PE spectra of the three isomers
(2ZAZ)-, (2Z AE)- and (2E 4E)-3,4-dimethylhexa-2,4-diene (26, 27 and 28)37, from which
it is seen that the gap Al decreases with increasing steric interference between the two
methyl groups, whereas the mean 7-ionization energy 1V = (I} 4 I)/2 remains constant.

Molecule 26 (2Z,4A2) 27 (2Z AE) 28 (2E 4E)

Al (eV) 1.65 0.60 0.30 42)
IV (eV) 8.93 8.90 8.90
T 0° 69° 80°

Assuming that the 7-system of the (2Z,4Z) isomer 26 is flat, T = 0°, equation 41 yields the
twist angles 7 indicated in the last line of display 42 for the other two isomers. A further
example of strong steric prohibition of coplanarity is provided by 2,3-di-z-butylbuta-1,3-
diene 3537, whose PE spectrum yields a gap Al; = 0.3 eV, corresponding to a twist
angle T = 80°.

Application of an extension of the above treatment to cyclooctatetraene 239 and other
cyclic polyenes>