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Foreword

This is another volume in “The Chemistry of Functional Groups” series which deals with
the chemistry of cyclic hydrocarbons and their derivatives. Earlier volumes dealt with “The
Chemistry of Alkanes and Cycloalkanes” and “The Chemistry of the Cyclopropyl Group”.
The Cyclobutyl group occupies an intermediate position between these two groups.

The two parts of the present volume contain 23 chapters written by experts from 10
countries. They deal with theoretical and physical organic chemical aspects of cyclobutane
derivatives including the aromaticity/antiaromaticity of derived unsaturated species, with
their stereochemical aspects, their thermochemistry, and with the acidity and basicity of
select derivatives. There are chapters on NMR, IR and mass spectra of cyclobutanes, on
intermediates such as carbocations and cation radicals containing the cyclobutyl moiety
and on the directing and activating effects of cyclobutane derivatives.

Several chapters deal with synthetic aspects of formation and use of cyclobutane deriva-
tives, as well as with their rearrangements, their photochemistry, their organometallic
derivatives and with their formation by solid state dimerization of olefins. The biomedi-
cally interesting pyrimidine dimers and their relevance to DNA damage is also discussed.

Special topics include highly unsaturated derivatives, arenocyclobutenes and
cyclobutadiene, fluorocyclobutanes and polycyclic systems containing cyclobutanes such
as cubanes, prismanes, ladderanes, bicyclo [2.1.0]pentanes and bicyclo [2.2.0]hexanes and
other species. Unfortunately, two planned chapters, on cyclobutyl carbanions and anion
radicals, and on structural chemistry did not materialize.

The literature coverage is up to 2004.

We would be grateful to readers who draw our attention to mistakes in the present
volume, or to the omission of important chapters, which deserve to be included in such
a treatise.

Jerusalem and Baltimore ZNV1 RAPPOPORT
August, 2004 JOEL F. LIEBMAN

Xi



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
coverage 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 cov-
erage 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 labeled
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



Xiv 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

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceeding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZV1 RAPPOPORT
Jerusalem, Israel
May 2000
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R any radical

RT room temperature

s- secondary
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CHAPTER 1

Cyclobutane — physical properties
and theoretical studies

KENNETH B. WIBERG

Department of Chemistry, Yale University, New Haven, CT 06520-8107, USA
Fax: +1 203 432 5161; e-mail: kenneth.wiberg@yale.edu

I INTRODUCTION . ... ... e 1
II. CYCLOALKANE STRUCTURES AND BONDING. . ............. 1
III. BOND STRENGTHS . ... ... ... . . 3
IV. ENERGIES OF CYCLOALKANES . . . ... ... ... .. ... . ... ... 4
V. NMR SPECTRA OF CYCLOALKANES ... ...... .. .. .. .. ..... 5
VI. CYCLOPROPYL AND CYCLOBUTYL CATIONS . .............. 7
VII. INTERACTION OF CYCLOPROPANE AND CYCLOBUTANE RINGS
WITH ELECTRON-DEFICIENT CENTERS . . . . ... ... .......... 8
VIII. PROTONATED CYCLOPROPANES AND CYCLOBUTANES ....... 9
IX. THERMAL FORMATION OF CYCLOBUTANES BY CYCLOADDITION
AND THERMAL CLEAVAGE . . ... ... . ... ... . .. ... .... 9
X. ANTIAROMATICITY IN CYCLOBUTADIENE . ................ 12
XI. SUMMARY . ... 13
XII. REFERENCES . . . ... . e 13
I. INTRODUCTION

Cyclobutane is interesting because it provides a bridge between the very reactive (for a
hydrocarbon) cyclopropane and the ‘normal’ cycloalkanes from cyclopentane to the larger
cycloalkanes. Cyclopropane reacts readily with bromine to form 1,3-dibromopropane’
and reacts with sulfuric acid to give 1-propylsulfuric acid?>. Cyclobutane does not react
with either of these reagents, but some cyclobutanes undergo C—C bond cleavage with
transition metal species®. It is very difficult to cleave the C—C bonds of cyclopentane and
the higher cycloalkanes.

Il. CYCLOALKANE STRUCTURES AND BONDING

In order to understand these differences, it is helpful to examine the structures and
energies of these compounds. Some data are given in Table 1. Cyclopentane undergoes

The chemistry of cyclobutanes
Edited by Z. Rappoport and J. F. Liebman O 2005 John Wiley & Sons, Ltd. ISBN: 0-470-86400-1
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2 Kenneth B. Wiberg

TABLE 1. Structural data for some cycloalkanes

Compound Observed Calculated
r(C-C) r(C—H) H-C-H r(C-C) r(C—H) H-C-H
Cyclopropane ¢ 1.512(3) 1.083(3) 114.0(7) 1.509 1.083 115.1
Cyclobutane” 1.556(1) 1.091(1) 1.552 1.094 ax 109.3
1.093 eq
Cyclopentane ¢ 1.546(1) 1.114 1.540 1.095
Cyclohexane ¢ 1.536(1) 1.097(2) ax 1.530 1.099 ax 106.9
1.085(6) eq 1.096 eq
Cyclopropene ¢ 1.505(1) 1.085(1) 1.513 1.089 114.5
1.293(1) 1.072(1) 1.304 1.077
Cyclobutene” 1.566(3) 1.094(5) 1.568 1.094 109.2
1.517(3) 1.517
1.342(4) 1.083(5) 1.351 1.086

“ Reference 5.

b Reference 6.

¢ Reference 4.

4 Reference 9.

¢R. J. Berry and M. D. Harmony, Struct. Chem., 1, 49 (1990).

/B. Bak, J. J. Led, L. Nygaard, J. Rastrup-Andersen and G. O. Sgrensen, J. Mol. Struct., 3, 369 (1969).

pseudorotation in which the carbons undergo a motion perpendicular to the average plane
without significant change in energy®. The average C—C bond length is only 0.013 A
greater than that of n-alkanes. In contrast, cyclopropane has markedly shorter C—C bond
lengths® and cyclobutane has markedly longer C—C bond lengths®.

The short bond lengths in cyclopropane are in part explained using the Coulson—Moffitt
bonding model’. With nominal 60° C—C—C bond angles, it is not possible to form
coaxial C—C bonds since the smallest interorbital angle for first row elements is 90°,
corresponding to pure p-orbitals. The angle must be somewhat larger since a bond formed
with just p-orbitals will be quite weak. They estimated an interorbital angle of 104°,
corresponding to 80% p-character in the C—C bonds vs. the normal value of about 75%
p-character. Thus, the bonds in cyclopropane are bent, and a better representation of the
bond length would be given by the path of maximum electron density between the carbons
(the bond path)® and it has been estimated to be 1.528 A. It is approximately 0.008 A
shorter than the C—C bonds in cyclohexane®.

The bent bonds in cyclopropane derivatives are readily observed in the results of X-
ray crystallographic studies!®. The output of such a study is an electron density map,
and the maximum in electron density between two cyclopropane carbons lies outside
the line of centers of the atoms. Bond angle bending based on ab initio calculations
may be described in terms of the angle between the C—C bond paths at the C nucleus.
With cyclopropane, the angle deviates from the conventional angle by 18.8° whereas the
deviation for cyclobutane is only 6.7°!!.

The structure of cyclobutane presents some interesting questions. The C—C—C bond
angle is 88°, indicating that it adopts a puckered structure®. This is probably due to a
torsional interaction between two adjacent methylene groups. Ethane is known to prefer
a staggered arrangement and the eclipsed arrangement is 3 kcal mol~! higher in energy!'2.
Planar cyclobutane, with a 90° C—C—C bond angle, has eclipsed methylene groups,
resulting in considerable torsional strain. Puckering the ring leads to a reduction of this
strain term, but at the same time the C—C—C bond angle is reduced, leading to increased
bond angle strain. The equilibrium geometry is a result of the tension between these two
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strain terms. The C—C—C bond angle («) is related to the ring puckering angle (7) by
tan(o/2) = cos(t/2).

LN
180-t

Another feature of the cyclobutane geometry is that the methylene groups are rotated
inwards!?, whereas one might expect them to rotate outwards in order to reduce H---H
non-bonded interactions. Bartell and Anderson have proposed that the methylene groups
prefer a local C,, geometry, and with bent C—C bonds this would result in the inward bend.

The most puzzling feature of the cyclobutane geometry is the long C—C bond length.
This has been observed in a variety of cyclobutane derivatives, and C—C bond lengths
cover a range of 1.521-1.606 A depending on the substitution pattern, with an average
of 1.554 A'*. With cyclobutane itself, the bond length is 1.556 AS.

The short C—C bond length in cyclopropane and the long length in cyclobutane may
be explained by invoking a 1-3 C- - - C non-bonded repulsion'. It might be noted that
this is contained in the Urey—Bradley force field'®. Cyclopropane does not have such an
interaction because all of the carbons are bonded to each other. Cyclobutane, on the other
hand, has two 1-3 C- - - C non-bonded interactions with a relative small distance between
the carbons. This repulsion will lead to a lengthening of the C—C bonds.

One might wonder if it would also lead to flattening of the ring in order to minimize
this interaction. An ab initio calculation for cyclobutane gives a bond length of 1.555 A
and a CCC bond angle of 88°. If the C—C length is forced to be 1.536 A (the cyclohexane
bond length) and the geometry is again optimized, the CCC bond angle changes very little
and the energy increases by only 0.4 kcalmol~!'!7. Near their equilibrium values, bonds
can initially be stretched with little increase in energy, but further extension become costly
because of the quadratic nature of the bond stretching potential.

This proposal also explains why cyclopentane has C—C bonds a little longer than those
in cyclohexane. The 1,3-C- - - C non-bonded distances are shorter in cyclopentane than in
cyclohexane'®, leading to greater repulsion in the former. It also explains the observed
111° C—C—C bond angles in n-alkanes.

lll. BOND STRENGTHS

The high p-character in the C—C bonds of cyclopropane must lead to high s-character in
its C—H bonds. It is known that increasing s-character leads to shorter and stronger C—H
bonds!®, and this is found with cyclopropane (Table 2). The force constant for stretching
the C—H bond is significantly greater than for cyclobutane, the bond length is shorter,
and the bond dissociation energy is greater than found with other cycloalkanes or open
chain alkanes. The effect is further increased with cyclopropene. Here, the olefinic C—H
bond would have an s-character approaching that of acetylene, and it is one of the few
unsubstituted hydrocarbons that will undergo base catalyzed exchange of the vinylic C—H
bonds with ROD to give C—D bonds?°.

The properties of the C—H bonds in cyclobutane are much closer to those of the other
cycloalkanes, although there is an indication of somewhat increased s-character. The C—H
bond lengths are somewhat shortened, and the bond dissociation energy is calculated to
be 1.5 kcalmol~! greater than in cyclohexane. Further information may be gained from
the 3C—H NMR coupling constants (see below).
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TABLE 2. Cycloalkane C—H force constants
and bond dissociation energies

Compound k(C—H)“ BDE®
Cyclopropane 6.3 108.4

Cyclobutane 5.1¢ 99.8¢
Cyclopentane 4.2°¢ 95.5¢
Cyclohexane 5.3¢ 98.4¢

¢ Calculated at the B3LYP/6-3114+G* level of theory.
b In kcalmol~'; calculated at the G3B3 level of the-
ory!’.

¢ Equatorial hydrogens.

IV. ENERGIES OF CYCLOALKANES

The heats of formation of a number of small cycloalkanes and related compounds have
been determined via combustion calorimetry, and additional data have been obtained by
measuring heats of hydrogenation. Some representative data are summarized in Table 3.

One item of interest with these compounds is the strain energy. This is defined as the
difference in heat of formation between the compound of interest and that of an ‘unstrained
model’. The choice of this model has been the subject of some controversy, but almost
any choice would be satisfactory as long as it is applied consistently. The values of the
strain energies may differ, but the only quantities of importance are the relative values.
The Franklin group equivalents?' (Table 4) are frequently used for this purpose.

TABLE 3. Heats of formation and strain energies of cycloalkanes, gas phase, 25 °C, kcal mol~!

Compound A Hy Strain energy Reference
Cyclopropane 12.7+£0.1 27.5 a
Cyclobutane 6.6+0.3 26.3 b
Cyclopentane —183£0.2 6.3 b
Cyclohexane —29.5+£0.2 0.0 b
Cyclopropene 66.2 +0.6 52.2 c
Cyclobutene 374+04 28.4 d
Cyclopentene 8.1+0.3 4.0 e
Cyclohexene -1.2+£0.1 0.4 f
1-Methylcyclopropene 58.6 0.3 53.5 d
Methylenecyclopropane 29.1+0.2 32.7 d
Bicyclo[1.1.0]butane 51.9+£0.2 63.9 d
Bicyclo[2.1.0]pentane 37.8+£0.3 54.8 g
Bicyclo[2.2.0]hexane 29.8+0.3 51.7 g
Bicyclo[1.1.1]pentane 50.4 71.0 h
Cubane 148.7 £ 0.9 157.4 i
Bis(1,1’-bicyclo[1.1.1] pentane) 96.8 + 1.2 126.9 ]

“J. W. Knowlton and F. D. Rossini, J. Res. Natl. Bur. Stand., 43, 113 (1949).

b S. Kaarsaemaker and J. Coops, Recl. Trav. Chim. Pays-Bas, 71, 261 (1952).

¢ K. B. Wiberg, W. J. Bartley and F. D. Lossing, J. Am. Chem. Soc., 84, 3980 (1962).

4 K. B. Wiberg and R. A. Fenoglio, J. Am. Chem. Soc., 90, 3395 (1968).

¢ M. A. Dolliver, T. L. Gresham, G. B. Kistiakowsky and W. E. Vaughan, J. Am. Chem. Soc., 59, 831 (1937).

/ A. Labbauf and F. D. Rossini, J. Phys. Chem., 65, 476 (1961).

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

" Calculated energy: K. B. Wiberg, J. Comput. Chem., 5, 197 (1984).

' B. D. Kybett, S. Carroll, P. Natalis, D. W. Bonnell, J. L. Margrave and J. L. Franklin, J. Am. Chem. Soc., 88,
626 (1966). However, see V. V. Diky, M. Frenkel and L. S. Karpushenkava, Thermochim. Acta 408, 115 (2003).
JV. A. Luk’yanova, V. P. Kolesov and V. P. Vorob’eva, Russ. J. Phys. Chem. (Engl. Transl.), 69, 1908 (1995).
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TABLE 4. Franklin’s group equiv-
alents, AH; kcalmol~! (25°C)*

Group Value
CH; —10.12
CH, —4.926
CH —1.09
C 0.80
=CH, 6.25
cis-CH=CH 18.88
C=CH 20.19

@ Reference 21.

The strain energy of cyclobutane is then the heat of formation of cyclobutane less four
times the CH, equivalent, or 26 kcal mol~!. The strain energies of some compounds of
interest are given in Table 3. Cyclohexane has essentially no strain energy; cyclopen-
tane has a small strain energy which results from the partial eclipsing of adjacent C—H
bonds plus some bond angle strain. Cyclopropane and cyclobutane have essentially the
same strain energy, which at first appears surprising in view of the large difference in
C—C—C bond angles, and the difference in hybridization. One factor that may contribute
to the strain energy of cyclobutane is the cross-ring 1-3 repulsion between the methylene
carbons'>. This is not present in cyclopropane.

There is another important factor that contributes to the lack of difference in strain ener-
gies. The C—H bonds in cyclopropane are considerably stronger than those in cyclobutane.
If the normal C—H bond dissociation energy (cyclohexane) is 98 kcal mol~!, a C—H bond
in cyclopropane is 10 kcal mol~! stronger. With six C—H bonds, this could lead to a net
stabilization that may approach 60 kcal mol~!. The strain in the carbon skeleton of cyclo-
propane may approach 88 kcalmol™!, and for cyclobutane, with 8 C—H bonds that are
1.5 kcal mol ! stronger than those in cyclohexane, the strain may approach 38 kcal mol™~!.
This is, of course, only a very rough approximation, but it does indicate that the strain
in the skeleton of cyclopropane is significantly greater than that for cyclobutane, and that
for the latter is still considerable.

The heats of hydrogenation of cyclopropene, methylenecyclopropane and cyclobutene
are interesting. The heat of hydrogenation of cyclohexene (assumed to be unstrained)
is just the difference in heat of formation between cyclohexene and cyclohexane, or
28 kcal mol~!. Cyclobutene has a heat of hydrogenation of 31 kcalmol™!, only a little
larger than for cyclohexene, indicating that the introduction of a C=C bond does not lead
to much of an increase in strain energy.

The value for cyclopentene is 26 kcal mol !, indicating that cyclopentene is less strained
than cyclopentane because some of the methylene eclipsing strain in cyclopentane is
relieved on going to cyclopentene.

Cyclopropene is remarkable, giving a heat of hydrogenation of 54 kcal mol~!, 26 kcal
mol~! greater than that for cyclohexene. This effect is reduced somewhat in methylenecy-
clopropane and can be seen by comparing its heat of formation with the isomeric 1-
methylcyclopropene. The origin of the high heat of hydrogenation has been attributed to
the strong C—H bonds in cyclopropane that are lost on going to cyclopropene??. The effect
is smaller with methylenecyclopropane since it has only one trigonal center in the ring.

V. NMR SPECTRA OF CYCLOALKANES

There are interesting differences between the NMR chemical shifts of cyclopropane,
cyclobutane and the higher cycloalkanes (Table 5). The 'H shift for cyclopropane is
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TABLE 5. NMR chemical shifts (ppm)“

Compound 'H B¢

CH, =CH CH, =CH
Cyclopropane 0.22 —2.6
Cyclobutane 1.96 23.3
Cyclopentane 1.51 26.5
Cyclohexane 1.54 27.8
Cyclopropene 0.93 7.06 23 108.9
Cyclobutene 2.57 6.03 314 137.2
Cyclopentene 2.28% 5.60 32.3¢,22.7 130.2
Cyclohexene 1.96° 5.59 25.1¢,22.6 126.9

“ Reference 28.
b Protons adjacent to the double bond.
¢ Methylene carbons adjacent to the double bond.

TABLE 6. NMR "*C—H coupling constants

Compound J3C—H (Hz) Yos
Methane 125 25
Cyclopropane 161 32
Cyclobutane 134 27
Cyclohexane 123 25
Bicyclo[1.1.0]butane 153 (equatorial) 31
169 (axial) 34
205 (bridgehead) 41
Bicyclo[1.1.1]pentane 144 (methylene) 29
164 (bridgehead) 33
Cubane 154 31
Cyclopropene 228.2 46
Cyclobutene ” 170 34
Cyclopentene ? 162 32
Cyclohexene ® 158 31

“ Data were taken from Reference 28.
b Vinylic hydrogens.

found to be remarkably upfield, and this has been used as a diagnostic for the presence of
a cyclopropane ring?}. Cyclobutane, on the other hand, has its 'H band downfield from
that in cyclohexane. The same trend is found with the '*C shifts.

The upfield shift for cyclopropane has been attributed to a ring current associated with
o-aromaticity, and the downfield shift for the cyclobutane protons has been attributed
to o-antiaromaticity. The subject of o-aromaticity has been the object of many studies.
Recent work suggests that it is not a viable proposal?*. Nevertheless, it is clear that
cyclopropane has a higher than normal magnetic susceptibility?. In addition, the nucleus
independent chemical shifts (NICS) at the center of the ring for cyclopropane is positive®®
and that for cyclobutane is negative’®?’. This quantity has been suggested as a test for
aromaticity and antiaromaticity respectively, although the detailed origin of these shifts
is not as yet understood.

The '*C—H NMR coupling constants can be used to gain information on hybridization®®
and the empirical relationship %s = J '3C—H/5 has been proposed. The values of these
coupling constants are given in Table 6 for cyclobutane and a number of other related
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compounds, along with the empirically derived %s values. Again, the cyclobutane C—H
bonds appear to have increased s character, but not as much as is found with cyclopropane.

Large long-range 'H—'H coupling constants are observed with cyclobutyl derivatives.
One of the largest, 18 Hz, is found for the bridgehead hydrogens of bicyclo[1.1.1]pentane
(1)®. With bicyclo[2.1.1]hexane (2), there is a 6 Hz coupling between the endo protons
of the cyclobutane methylene groups®®. When the distance is further increased as in
bicyclo[2.2.1]heptane (3), the coupling between the bridgehead hydrogens is less than
1 Hz*'. The coupling presumably involves the overlap of the backsides of the C—H bond
orbitals which increases rapidly as the distance is decreased.

H H H
@ 2 3

H

VI. CYCLOPROPYL AND CYCLOBUTYL CATIONS

In contrast to most reactions in which cyclopropane derivatives are more reactive than
cyclobutanes, the opposite is true for solvolytic reactions. Cyclopropyl tosylate is relatively
unreactive®?, and its lack of reactivity has been attributed to two factors. First, an Sy1
solvolytic reaction would normally lead to an increase in C—C—C bond angle at the
reaction site as a carbocation is formed, and this is not possible with a cyclopropane ring33.
As a result, there is an increase in strain energy. Second, the hybridization of the carbons
in cyclopropane is close to that of ethylene, and vinyl halides are resistant to solvolytic
reactions®*. Despite its low reactivity, it is important to note that it is considerably more
reactive than 7-norbornyl tosylate that has a 94° C—C—C bond angle®3. It appears that the
solvolysis of cyclopropyl tosylate is assisted by the development of allyl cation character
in the transition state’.

Cyclobutyl tosylate (4) would be expected to have reduced reactivity because it, again,
will suffer an increase in strain on going to a carbocation due to the constrained C—C—C
bond angles. However, it has a reactivity comparable to cyclopentyl tosylate®*®. There
is now much evidence that cyclobutyl cations are stabilized by an interaction with the
cross-ring carbon, leading to a species that might be described as a ‘bicyclobutonium
ion’ (5)37 in which the cationic center is stabilized by an interaction with the cross-ring
methylene group.

OTs —

(C)) 5

The cross-ring distance is important for such an interaction, and it increases in
importance as the distance is decreased. Thus, 1-chlorobicyclo[1.1.1]pentane (6) is quite
reactive®®.

5-Substituted bicyclo[2.1.1]hexane derivatives are interesting in that the endo-tosylate
(7) is 10° times as reactive in solvolysis as the exo-tosylate (8)*. This indicates the need
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Cl
(6)

H OTs

OTs H
(7) (6]

for the remote carbon of the cyclobutane ring to be anti to the leaving group in order
to have an assisted solvolysis. This appears to be a general feature of the solvolysis of
bridged cyclobutyl derivatives*.

In these solvolytic reactions, cyclopropylcarbinyl and cyclobutyl cations frequently
are interconverted. B3LYP/6-311+G* calculations for the parent ions find both to be
minima on the potential energy surface, with the cyclobutyl cation slightly lower in
energy (1 kcalmol™!). These ions are in rapid equilibrium, and substitution can easily
shift the equilibrium composition*!.

Vil. INTERACTION OF CYCLOPROPANE AND CYCLOBUTANE RINGS
WITH ELECTRON-DEFICIENT CENTERS

The interaction of cyclopropane rings with a cationic site has been well studied. With
dimethylcyclopropylcarbinyl cation, the ‘bisected’ conformer, in which the cationic p-
orbital is aligned to interact with the bent C—C bonds of the cyclopropane ring, has
a 14 kcalmol™! lower energy than the ‘perpendicular’ conformer, with the latter being
a transition state*>. The ion can be observed by NMR spectroscopy. Methyl substitu-
tion at the cationic center is important since cyclopropylcarbinyl cation rearranges to a
bridged cyclobutyl cation®. The interaction of the cyclopropane ring with an electron-
deficient center is also seen with cyclopropylcarboxaldehyde where the rotational barrier
is 6 kcalmol~! **. The minimum energy conformers correspond to the ‘bisected’ arrange-
ment and the transition state has the ‘perpendicular’ arrangement.

The interaction with a cationic site is much weaker with cyclobutane. The rotational
barrier for cyclobutanecarboxaldehyde has not been measured, but calculations indicate it
is only 0.8 kcal mol~! #*. There are two low energy conformers where the carbonyl group
is eclipsed with either the adjacent hydrogen or one of the adjacent carbons. A rotamer
corresponding to the perpendicular conformer is neither a minimum nor a transition state.

Dimethylcyclobutylcarbinyl derivatives (9) on solvolysis rearrange to cyclopentyl
cations. Relief of strain energy is an important driving force, but this is reduced by
the conversion of a tertiary cation to the usually less stable secondary cation®’. In order
to stabilize a cyclobutylcarbinyl cation enough to allow it to be observed by NMR, it was
necessary to have two cyclopropane rings attached to the cationic center.

Me

Me /Me . ,

OTs + Me
®



1. Cyclobutane—physical properties and theoretical studies 9

Viil. PROTONATED CYCLOPROPANES AND CYCLOBUTANES

As noted in the introduction, cyclopropanes are readily cleaved by electrophiles whereas
this is not true with cyclobutanes. The reason is not thermodynamic since the overall heats
of reaction are essentially the same. The proton affinity of cyclopropane has been measured
and is 179 kcalmol™' /. With cyclopropane, the interaction with protons is known to
give a protonated cyclopropane intermediate*®. The proton affinity of cyclobutane does
not appear to have been measured, but B3LYP/6-311+G* calculations indicate its proton
affinity to be about 10 kcalmol~! lower than for cyclopropane. This is easily seen in the
energies of transferring a proton from isopropyl cation to cyclopropane and cyclobutane:

H
k /N — L AL aH=23 (o)

CH
HsC 3 AH = 1.0 (obs)
H
)\Jr + D - ,:;—H+ + N\ AH=13.4calc)
H;C CH;

The difference between these compounds has been studied by theoretical calculations.
The protonation of cyclopropane may occur at either a corner or an edge, and experimental
evidence suggests that both have comparable energies and can easily be interconverted.
The structures of the two ions are shown in Figure 1, and are compared with the corre-
sponding ions derived from cyclobutane®. Corner protonated cyclopropane is calculated
to be the ground state, with the edge protonated ion being a transition state 4 kcal mol™~!
higher in energy'”. Edge protonated cyclobutane is calculated to be the ground state, with
the corner protonated ion being a transition state 12 kcal mol~! higher in energy.

Corner protonated cyclopropane is essentially a methyl cation coordinated with ethy-
lene, whereas corner protonated cyclobutane appears like a methyl cation coordinated
with a trimethylene diyl. Not surprisingly, the former has the lower energy. With the edge
protonated ions, the proton in the C3 ion is able to achieve bonding with the strongly bent
cyclopropane bonds thus remaining farther away from the carbons and not perturbing the
geometry as much as is found with the C4 ion. Again, it is not surprising that the edge
protonated cyclopropane has a lower energy than the edge protonated cyclobutane.

It should be noted that three- and four-membered rings may also be cleaved by nucle-
ophiles with three-membered rings being more reactive than four-membered rings>’. Here
again, the overall change in energy is about the same for cyclopropane and cyclobutane,
and the more facile cleavage of cyclopropanes must be due to an additional factor.

IX. THERMAL FORMATION OF CYCLOBUTANES BY CYCLOADDITION
AND THERMAL CLEAVAGE

Cycloaddition of alkenes to form cyclobutanes normally does not occur thermally because
at temperatures at which the reaction might occur the free energy of reaction is positive.
This is a result of the unfavorable entropy effect that results from two molecules combining
to form one. It can be overcome if the two C=C bonds are in the same molecule (10),
and here the cyclobutane ring is formed on heating®!. It is interesting to note that the
free energy of cyclobutane at 25 °C is lower than that of two ethylenes, and if a suitable
catalyst could be found, cyclobutane could be formed by the dimerization of ethylene.
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FIGURE 1. (a) Corner protonated cyclopropane, (b) edge protonated cyclopropane, (c) corner pro-
tonated cyclobutane and (d) edge protonated cyclobutane. The ground state structures are (a) and
(d), whereas (b) and (c) are transition states. The structures are derived from B3LYP/6-311+4+G**
calculations

However, because of the negative entropy of dimerization, as the temperature is raised the
free energy become less negative, and then positive at temperatures where cyclobutane is
converted to ethylene.

450 °C

(10

This type of reaction can also occur if the double bond is sufficiently destabilized. As
an example, bicyclo[2.2.0]hex(1,4)ene (11) undergoes dimerization at room temperature
in dilute solution leading to a propellane (12) that undergoes cleavage to a diene (13).
If the reaction is carried out using higher concentrations, the main product is a polymer.



1. Cyclobutane—physical properties and theoretical studies 11

This is in accord with the initial combination of two molecules of the alkene to form a
diyl. When the concentration is low, closure to the propellane predominates, but if the
concentration is higher, the diyl can react with another diene to start polymerization.

11—~ - I

11) 12) 3

The dimerization leading to a cyclobutane is best studied by examining the reverse
process, the thermal cleavage of cyclobutanes. There is now good evidence that the
reaction proceeds via the initial formation of a 1,4-diyl which then is cleaved to give two
alkenes”. Thus, the thermolysis of cyclobutanes is initially very similar to the thermal
cleavage of cyclopropanes®?, except that it occurs at higher temperatures.

The thermolysis of propellanes that contain a cyclobutane ring has received some study.
There is a remarkable difference in the rates of reaction of the isomeric [3.2.1]propellane
(14)°' and [2.2.2]propellane (15)>*. The former is quite unreactive whereas the known
derivative of the latter undergoes cleavage at room temperature. One factor is the differ-
ence in strain energy, with the latter having the higher strain energy because it contains
three small rings.

(14)
CON M62
CONMe,
25°C +
CONMGZ
1s)

An examination of a series of [n.2.1]propellanes indicated that the rates of thermolysis
are related to the relief of strain on going to a 1,4-diyl. However, there is possibly an
additional factor that leads to the reactivity of [2.2.2]propellane. Stohrer and Hoffmann®
have suggested that when the central propellane bond can be considerably extended as a
result of the relative flexibility of the rings, the ground state will have an anti-symmetric
combination of orbitals at the central carbons, and this could lead to an orbital symmetry
allowed ring cleavage that would facilitate reaction. A related situation is found in the
thermolysis of bicyclo[2.2.0]hexane56.
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It is interesting to note that the thermal reactivity of [2.2.2]propellanes is markedly
reduced when the hydrogens are replaced by fluorines®’. Fluorine substitution on a hydro-
carbon can lead to either stabilization or destabilization, and with cyclobutane stabilization
is found>®.

In contrast to the normal orbital symmetry forbidden ring opening of cyclobutanes, the
thermal cleavage of cyclobutenes to butadienes occurs readily via a stereocontrolled reac-
tion which provided one of the original pieces of evidence for orbital symmetry control®.

The addition of ketenes to alkenes is a more facile process that occurs under relatively
mild conditions. It has proven to be a useful method for the synthesis of cyclobutanones®.
The mechanism of the reaction has received extensive study. A [27s + (275 + 27)] orbital
symmetry allowed process has been proposed to account for the ease of reaction®'. A
recent study suggests that the reaction is relatively complex®?.

X. ANTIAROMATICITY IN CYCLOBUTADIENE

In 1967 Breslow and coworkers found that 1,2-diphenyl-3-benzoylcyclopropene undergoes
base catalyzed H/D exchange at a slower rate than the corresponding cyclopropane by
a factor of 6000%. This led to the proposal that the 4 m-electron cyclopropenyl anion
is antiaromatic, i.e. it has an energy higher than that expected if it were simply non-
aromatic®. This has been proposed to be a general feature of conjugated cyclic systems
with 4n m-electrons?’.

Cyclobutadiene (16) is a 4n m-electron system, and thus potentially antiaromatic®. It
has been a synthetic goal for many years, and it was finally observed via the photolysis
of a-pyrone (17) in an argon matrix at 10 K %7_ It was found to be very reactive, and
in the absence of other reagents it dimerizes to give the syn diene, 18.

= o hv o hv
— — + CO,
O o

a7 16)

00—

(18)

Subsequently, an iron carbonyl complex of cyclobutadiene was isolated and found to
be stable at room temperature®. The diene could be regenerated by treatment with an
oxidant, and if another compound were present, cycloaddition reactions could occur.

It has been possible to obtain an estimate of the heat of formation of cyclobutadiene via
photoacoustic calorimetry®. This, along with theoretical estimates of its energy, allows
the energy of the hydrogen transfer reaction to be calculated (Table 7). The enthalpy term
for cyclobutadiene is large and negative, whereas with an aromatic compound such as
benzene it is positive. A non-aromatic compound such as 2,4-hexadiene gives a small
heat of reaction. The enthalpy change for the above reaction provides an estimate of the
antiaromaticity of cyclobutadiene.

It is interesting to note that bicyclo[2.1.0]pent-2-ene has a heat of hydrogenation of
43 kcal mol~! which is 10 kcal mol~' larger than that for cyclobutene. This suggests that
some antiaromatic character remains when one of the double bonds of cyclobutadiene is
replaced by a cyclopropane ring’®.
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TABLE 7. AH; of several isodesmic reactions, kcal mol~!

AH
obs calc?

D o~ — D + 7\ —41+ 11 344

O + N — © + 7\ 33.0+£04 34.4
/\/

/\/\/ +
L 43+£0.6 53

/\/\/+/=\

“J. B. Pedley, Thermochemical Data and Structures of Organic Compounds, Thermodynam-
ics Research Center, College Station, Texas, 1994. Hexenes: W. Fang and D. W. Rogers, J.
Org. Chem., 57, 2294 (1992) and K. B. Wiberg and D. J. Wasserman, J. Am. Chem. Soc., 103,
6563 (1981).

b Derived from G2 energies, Reference 27.

Antiaromatic character is a major factor only with 4n systems such as cyclobutadiene,
cyclopropentyl anion and cyclopentadienyl cation. The energetic effect decreases rapidly
with increasing ring size®. A recent study of the origin of antiaromaticity concluded that
the antisymmetry principle is a ‘hidden variable’ in the m-electron calculations and that
it is responsible for the destabilization of the 4nm-electron systems’!.

XI. SUMMARY

Cyclobutanes have a hybridization between that of cyclopropane and cyclopentane, and
is closer to the latter. This is shown by the 3C—H NMR coupling constants, the C—H
bond lengths and the bond dissociation energies. Cyclobutanes are unique in that they
can be formed from and be cleaved into two carbon species, and both orbital symmetry
forbidden and allowed processes may occur. Cyclobutanes interact with electrophiles and
electron deficient centers to a greater extent than cyclopentane, but to a much smaller
degree than found with cyclopropanes.
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. INTRODUCTION AND SCOPE

Cyclobutadiene (1) has been a tremendous synthetic challenge for generations of organic
chemists for more than one hundred years since the first unsuccessful attempts of Kekulé
and Willstitter' =>. This small and deceptively simple, but extremely interesting molecu-
lar system was rightfully characterized by Cram and coworkers® as ‘The Mona Lisa of
Organic Chemistry’, because of its ability to elicit wonder, to stimulate imagination and,
last but not least, by its enigmatic elusiveness and numerous outstanding features. It is a
highly reactive compound due to a very high energy content. The latter is a consequence
of two fundamental notions contributing to destabilization of molecules: (i) Baeyer angu-
lar strain”-® and (ii) antiaromaticity of planar 4nm systems’, where n denotes the number
of m-electrons. Both of these facets are highly pronounced in archetypal cyclobutadiene.
Neither of these two important concepts can be defined in an exact way, unfortunately,
implying that deciphering the unusual properties of 1 in a quantitative manner is not an
easy task due to unavoidable ambiguities. It is therefore not surprising that cyclobutadiene
moiety was a subject matter of numerous experimental and theoretical studies and it is
plausible to assume that this will be continued for good reasons in times to come. Namely,
it turns out that this small molecule is a versatile building block in constructing larger
molecular systems, exhibiting a full range of interesting novel properties.

It is the purpose of this chapter to describe the most important results pertaining to the
spatial and electronic structure of 1 as well as compounds involving one or more cyclobu-
tadiene subunits. After a brief history of the experimental work, which has led to various
syntheses of 1 and its derivatives, particular emphasis will be laid on the physical nature of
the chemical concept termed antiaromaticity. It will be shown that the latter has its origin in
the facets of the 47 -electron network. Then, the effect of antiaromaticity of cyclobutadiene
on the archetypal aromatic benzene moiety in some [4]annuleno[6]annulenes will be pre-
sented. It will be shown that juxtaposition of cyclobutadiene and benzene rings opens up
the possibility of a fascinating phenomenon termed bond-stretch isomerism. Moreover, it
will become apparent that derivatives of cyclobutadienes named [ N [phenylenes represent a
class of compounds, which offer a number of possibilities from the practical point of view,
being theoretically very interesting at the same time. Finally, it will happen that in some
fused systems as well as in some dications and dianions, cyclobutadiene exhibits highly
pronounced aromatic character, implying that it represents an interesting case of molecular
Janus. The emphasis is put on the 47 antiaromaticity of the cyclobutadiene ring, although
there is some evidence about 80 antiaromatic properties of the o-framework in cyclobu-
tane and larger molecules involving cyclobutane fragments. Studies of these systems are in
statu nascendi and consequently they will be just briefly mentioned in the last paragraph.

It should be mentioned that we shall focus on the theoretical results as a rule, which
will be supported by the pertinent experimental findings whenever necessary. We would
also like to emphasize that this is not a comprehensive review of all results published on



2. Antiaromaticity and aromaticity in carbocyclic four-membered rings 19

cyclobutadiene and related systems, since the literature is vast. Omission of some papers
does not imply that they are uninteresting or irrelevant. Rather, they are not included due
to space limitations.

Il. ANTIAROMATICITY OF FOUR-MEMBERED RINGS
A. A Brief History of Cyclobutadiene

Cyclobutadiene C4H4 (1) was a synthetic target of many organic chemists. Their efforts
were crowned in 1965 by brilliant preparative work of Pettit and coworkers,'? who were
able to obtain iron tricarbonyl complexes of cyclobutadiene (2) and benzocyclobutadiene
(3). It is worth emphasizing that the former complex proved later to be a quite persistent
compound surviving acidic, basic and reducing environments, as well as some mild oxidiz-
ing conditions. It turns out that 2 is sufficiently stable to tolerate a wide range of chemical
transformations without destroying the cyclobutadiene skeleton, involving electrophilic
substitution reactions!! and deprotonation followed by trapping with electrophiles'?. It
is interesting to note that treatment of iron tricarbonylcyclobutadiene with cerium(IV)
ammonium nitrate can oxidize the iron and liberate free cyclobutadiene!3-!6,

&Tcoh Fe(CO);
(0)) ) &)

The next historical step toward trapping highly reactive 1 was its argon matrix isolation
by Chapman and coworkers'”!® and by Krantz and colleagues'® at very low tempera-
ture (8 K). It turned out that cyclobutadiene was complexed with CO, imbedded in a
matrix cavity, thus destabilizing the system. An important contribution to cyclobutadiene
chemistry was made by Krebs and coworkers?”?! by synthesizing cyclobutadiene moiety
flanked by two seven-membered rings in 4 and 5 and by Masamune and coworkers?> 23
preparing esters 6 and 7.

t-Bu Bu-t

t-Bu CO,R
4 X=S (6) R =CHj;
(5) X=CH, (7)R=t-Bu

An interesting idea was also put forward by Roberts?* as early as 1958, that cyclobu-
tadiene moiety should be stabilized through a push—pull mechanism. It was realized in
the laboratory later on by Gompper, Seybold and coworkers>> by synthesizing tetrasub-
stituted cyclobutadiene 8 shown schematically in Figure 1, where the electron acceptor A
and electron donor D are A = COOEt and D = NEt,.

A partial electron transfer from the NEt, donating groups to the electron-withdrawing
COOE:t substituents is described by the corresponding resonance structures. It diminishes
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D A D A D A~
A D _A; D A D*
(8) A = COOEt
D =NEt,

FIGURE 1. Push—pull resonance effect in donor—acceptor substituted cyclobutadiene

the local concentration of the m-electron density within the four-membered ring, thus
alleviating its antiaromatic character. This mechanism is operative in spite of the fact
that 8 is a nonplanar system. The X-ray structure®® reveals that the acceptor substituents
COOEt make a bending angle with the cyclobutadiene ring of 23°. This implies that the
overlapping of the m7-AOs in question is diminished by only 8% relative to the ideal
planar case.

Cyclobutadiene moiety was found to provide an essential building block in metal-
capped (cyclopentadienyl cobalt CoCp) cyclobutadienophanes and cyclobutadienosuper-
phanes?’ exemplified by 9 and 10.

Cp
Fe(CO); Co
Fe(CO);

Co

Cp
9) 10)

The cyclobutadienecyclopentadienylcobalt subunit is an essential ingredient of new

carbon-rich structures, which lead to organometallic dendrimers and conjugated polyenes?®.

Characteristic examples are molecular butterfly 11 and dendrimer 12.

an
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Finally, it is worth noting that cyclobutadiene was also isolated inside Cram’s hemi-
carcerand host container®.

The spatial structure of cyclobutadiene and its symmetry was the subject matter of
numerous deliberations in the past. Meticulous studies of its reactivity performed by Pet-
tit and coworkers'® provided a strong indication that the ground state is singlet and that the
corresponding geometry is that of a planar rectangle. These ingenious conjectures were
confirmed later by careful X-ray analyses of tetra-t-butylcyclobutadiene at low (—150°C)
temperature by Irngartinger and coworkers3®3!, and revealed a rectangular structure with
alternating single and double CC bonds with a significant difference in their bond distances
of 0.086 A. A similar strong bond alternation was found in other substituted cyclobuta-
dienes, such as 4, 5 and 63233, The rectangular four-membered ring structure was found
to be consistent with photoelectron spectra (PES) of these molecules®* 3. A more recent
photoelectron spectrum of cyclobutadiene with partial resolution of the vibrational struc-
ture was reported by Kohn and Chen?. Their model calculations of the Franck—Condon
envelope in the spectrum found very good accord for a transition from rectangular neu-
tral cyclobutadiene to a rectangular radical cation 1°. It is noteworthy in this respect
that cyclobutadiene iron tricarbonyl complex does not form a symmetric top as assumed
earlier’”-38, Namely, this deceptively simple molecular system hides subtle secrets as
revealed recently by its rotation—vibration spectrum. Indris*® found that it belonged to
a new point-symmetry group, which is homeomorphic, i.e. mathematically equivalent to
the Dgy group.

Finally, it should be mentioned that automerization of cyclobutadiene from one rectan-
gular structure (Dy;,) to the other (Dy;,) via a square transition structure of Dy, symmetry
(Figure 2) was a topic of intensive discussions (see later) since Carpenter’s hypothesis*’
that it could be realized through tunneling of the heavy carbon nuclei.
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FIGURE 2. Schematic representation of the ground state Sy and the lowest excited states 77, S; and
S, of cyclobutadiene and their change along the distortion coordinate related to the automerization
reaction. Reproduced by permission of Elsevier B.V. from Reference 46

The barrier height was experimentally estimated*®*! to be between 1.6 — 10 kcal mol™'.
The '3C NMR experiment shows that the equilibrium of two equivalent structures of tri-
t-butylcyclobutadiene cannot be frozen out even at a very low temperature of 88 K, thus
suggesting that the activation energy of this process is no more than 2.5 kcal mol~! 42, This
experimental NMR work was the first spectroscopic proof of the conjecture that cyclobu-
tadiene is not a resonance stabilized square structure, but rather a tautomeric equilibrium
between two rectangular singlet ground-state structures.

B. Theoretical Investigations of the Structure of Cyclobutadiene

Theoretical description of the electronic structure of cyclobutadiene has been vividly
discussed in the past. Most of the ab initio calculations have correctly predicted that the
rectangular singlet is the ground state of this elusive molecule in accordance with the Jahn-
Teller effect**~*6. This obvious violation of Hund’s rule was rationalized by Kollmar and
Staemmler*®4’ by dynamical spin polarization, which is best understood if electrons with
different spins are placed in different spatial molecular orbitals (MOs). Since repulsion
between two electrons of the same spin placed in different MOs is smaller than that
between « and B spin electrons, this simple mechanism introduces a specific correlation,
which leads to a more stable singlet. The idea of dynamical spin polarization of Kollmar
and Staemmler was an important contribution in a conceptual sense. Subsequent ab initio
MO studies have convincingly shown that the ground state of 1 is rectangular singlet and
that square geometry represents a transition state for bond flipping automerization*® .
Carsky and coworkers™ used several ab initio methods to estimate the barrier height for
automerization of 1 and a variant of the coupled cluster approach gave 9.5 kcal mol~' as
the best estimate. A comprehensive study of the electronic structure of the ground state of
1 and several low-lying excited states was undertaken by Balkov4 and Bartlett’' by using
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a multireference coupled cluster method with single and double excitations (MR-CCSD)
augmented in a later stage by a noniterative inclusion of the triple excitations (MR-
CCSD(T)). The energy barrier for the interconversion between the two rectangular ground-
state structures was estimated to be 6.6 kcalmol~!. It is remarkable that full inclusion of
the triple excitations (CCSDT) lowered the barrier height by only 0.2 kcal mol~!>!. The
ordering of electronic states for the square transition-state geometry is determined with the
singlet being 6.9 kcal mol~! lower than the triplet. These results were used as benchmark
values for other theoretical treatments like a multireference Brillouin—Wigner coupled
cluster (MR-BWCC) theory>2. It was concluded that extension of the basis set is more
important than going beyond CCSD(T) or MR-BWCCSD theory. We shall come back to
the problem of the singlet—triplet splitting again in Section III.A, since it is a characteristic
signature of antiaromaticity. A comparison of the density functional (DFT) procedures
in deciphering energetic properties of 1 against the ab initio results was presented by
Sancho-Garcia and coworkers>®. The tunneling in the automerization of 1 was estimated
to occur at the rate k = 2.5 x 10'! s~ by the simple GVB/4-31G* method®*. This and
other theoretical estimates’ % seem to overestimate the influence of the carbon atom
tunneling in splitting vibrational frequencies as revealed by neat analysis of the Raman
spectrum of matrix-isolated cyclobutadiene as a function of temperature®”->8. It is possible,
however, that the matrix environment including CO, and CO ingredients contributes to
hindering of the tunneling automerization and it might play a role in some other chemical
transformation of 1 as elaborated recently by Zuev and coworkers”.

With a renaissance of the valence bond (VB) theory®® a lot of attention has been
focused on the bonding features of cyclobutadiene. This conceptually simple theory, which
is close to chemical intuition and the Lewis concept of the chemical bond, has been
condemned for quite some time for two reasons: (a) computational complexities and
(b) “failures’ in discussing bonding properties of some crown cases like cyclobutadiene
and O, or in describing behavior of some aromatic and antiaromatic ions. The latter was
refuted by Shaik and Hiberty®'? in a convincing way. Shaik, Hoffmann, Hiberty, Cooper
and others®-6? rightfully point out that VB is equally as fundamental as MO theory,
and that it is consequently justified to switch between the MO and VB representations
when necessary, according to the nature of the particular problem being addressed. As
to the computational feasibility of the VB methods, it is much improved by the recent
development of the computational science. Consequently, VB theory became a viable
alternative to the modern molecular orbital methods of quantum chemistry. Spin-coupled
formulation of the valence bond theory contributed considerably to recent advances in
this conceptually important theoretical approach® 2, which is both accurate and pictorial.
Briefly, it combines features of classical VB and self-consistent MO theories adopting the
correlated one-electron-per-orbital model with simultaneous optimization of the orbital
and spin part of the total molecular wave function®’. A striking characteristic of the
SC-VB method is that the orbitals are nonorthogonal and that they are unique once
optimized, i.e. they are not invariant to any kind of linear transformations. Moreover, they
are highly localized on the atomic centers. For example, the m-electron orbitals in aromatic
benzene are atomic localized 2prm-orbitals centered on each carbon exhibiting small but
extremely important polarization to the two nearest-neighbor C atoms. In the antipodal
cyclobutadiene in its symmetrical Dy, square structure and the lowest energy singlet ! B Ig
state, two electrons are coupled along a diagonal and form an ‘almost perfect triplet’.
Such highly unusual spin pairing is termed an ‘antipair’®>. Two such ‘antipairs’ along
two diagonals of the square are combined to a net singlet. As the molecule distorts to its
equilibrium rectangular geometry the spin-coupled orbitals rapidly assume spin coupling
pattern expected for two separate C=C double bonds. It is found that this picture occurs
in all antiaromatic molecules.
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C. The Physical Origin of Antiaromaticity of Cyclobutadiene

The term antiaromaticity was introduced by Breslow, who found together with Brown
and Gajewski®® that 1,2-diphenyl-3-benzoylcyclopropene underwent base-catalyzed H/D
exchange at a slower rate than the corresponding cyclopropane by a factor of 6000. This
finding was rationalized by destabilization of the 477 anion formed within the cyclopropene
moiety and was baptized accordingly as ‘antiaromaticity’ in contrast to aromaticity of
67 -electrons found, for example, in benzene. Both notions—aromaticity and antiaromatic-
ity—evaded exact definition, because they cannot be reduced to a quantum mechanical
expectation value in a direct and unique way. In spite of that, they affect a large number
of properties of a myriad of molecules. Concomitantly, their quantitative description is
very important and it is necessarily a matter of convention. Therefore, the problem of aro-
maticity and antiaromaticity should be reduced to the least arbitrary definitions of these
features of immense importance. Thermodynamically, antiaromaticity of 1 is customarily
estimated by a comparison with the open-chain strain-free polyenes. A good vehicle in
exploring antiaromaticity is provided by homodesmotic chemical reactions introduced by
George and coworkers®*. The simplest such reaction related to 1 is equation 1,

1 + 2 ethylenes = 2(trans-1,3-butadiene) + E(d); (1)

Here, the names of the molecules entering the gedanken ring-opening reaction signify
their total molecular energies. Since 1 is a small highly strained ring, the destabilization
energy E(d); has two components (equation 2):

E(d); = E(s); + E(an); ()

where E(s); and E(an); denote the angular strain and the antiaromatic decrease in sta-
bilization energies, respectively, defined as positive quantities. It is convenient to break
down the total destabilization energy into three contributions (equation 3):

E(d); = E(dyr + E(d)eor + E(d)zpve 3)

where E(d)yp, E(d)., and E(d)zpyg stand for the Hartree—Fock, electron correlation and
the zero-point vibrational energy, respectively. It can be shown that E(d).,,, and E(d)zpvg
are small and of opposite sign, thus practically canceling out®. Consequently, they can be
disregarded in the first approximation, implying that the analysis of antiaromaticity can
be reduced to the HF level. For interpretative purposes, it is useful to resolve the total
molecular HF energies into components (equation 4),

EHF) = E(Dyr + E(V)yr “)

where T and V denote the kinetic and potential energy terms, respectively. They can be
further decomposed as shown in equations 5a and 5b,

E(Myr = EMip + E(Myp (52)
E(V)HF = Vnae + Vnz + Veza + Ve? + Ve? + V"“ (Sb)

The kinetic energy can be rigorously separated into the o- and m-contributions due
to the one-electron nature of the Laplacian. This is not the case for the potential energy
E(V)yg, where one can distinguish two types of interaction between electrons. Whereas
the nuclear—electron attractions can be exactly delineated for the o- and m-electrons,
the repulsions between the o- and m-electrons VZ™ and the nuclear term Vy, cannot
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be dissected in a unique way into two contributions related to the o- and m-electron
frameworks. It should be pointed out that the nuclear repulsion V;, is determined by the
minima on the Born—Oppenheimer potential energy hypersurfaces, which in turn depend
on both o- and m-electrons in a complicated manner. The HF calculations® performed
by Dunning’s cc-pVDZ and cc-pVTZ basis sets®® are summarized in Table 1. One should
emphasize that the approximate HF wavefunctions are scaled in order to satisfy the virial
theorem®” =%, It appears that the kinetic energy of the o-electrons stabilizes 1 relative to
the open chain, while the opposite holds for the m-electrons. The o-electrons prevail as
far as the kinetic energy is concerned, yielding AE(T)yr = —83.5(—82.5) kcalmol~! to
the stability of 1 as obtained by the HF/cc-pVDZ (HF/cc-pVTZ) calculations, where A
denotes contribution to E(d); according to equation 1. The potential energy terms, how-
ever, completely change this picture and lead to destabilization of 1 as discussed below.

In order to obtain manageable numbers, let us group the potential energy terms as V° =
[V + V27 + Vial and VT = [VI + VI™ + VZ™]. In other words, the nuclear repulsion
Vion is associated with the o-framework, whereas the repulsion between the o- and -
electrons is apportioned to the m-framework, exactly as assumed in the early theories
of the m-electron systems’®. Neither of these two assumptions is quite justified. The
nuclei are indeed immersed in the o-electron ‘sea’, while the m-electrons are subse-
quently imposed on the so-formed o-skeleton. However, the role of the m-electrons in
determining the geometries of the planar molecules cannot be neglected. The spatial struc-
tures of molecules are defined by the equilibrium distribution of the nuclei corresponding
to true minima on the Born—Oppenheimer energy hypersurface (PES), implying that the
m-electrons also participate in determining the amount of the nuclear repulsion V;, at
the equilibrium distances. However, their share is not easy to decipher and, to be more
specific, it cannot be quantified in an unequivocal way. The simplest ‘solution’ is to
attach V;, to the o-framework. By the same token, one cannot simply ascribe the o/
electron repulsion to the m-electrons only. Nevertheless, it is of some interest to see the
outcome of the o/m potential energy partitioning defined above. It follows that the V°
and V7 contributions to the destabilization energy E(d); are —133.1 (—140.9) and 300.2
(306.2) kcal mol~!, meaning that the V™ term prevails. Moreover, it also overcomes the
stabilization effect of the kinetic energy given by AE(T)yr = —83.5(—82.5) kcal mol .
The total potential energy contribution to the E(d); is 167.0 (165.0) kcal mol~!, which
is twice the absolute value of AE(T)yr as required by the virial theorem. Concomi-
tantly, E(d); is 83.5 (82.5) kcalmol~!. It follows that the destabilization energy of 1 is
due to the unfavorable intramolecular interactions of the m-electron framework. Although
the employed o/m partitioning is not free of criticism as mentioned above, it qualita-
tively gives the right answer. Some other partitioning schemes have led to the same
conclusions®. It is therefore fair to infer that cyclobutadiene 1 is destabilized relative to
a zig-zag 1,3-butadiene open-chain polyene due to its specific 7-framework.

It is interesting to point out that E(d); does not depend on the choice of the zig-zag
polyene in the homodesmotic reactions. For example, the use of the all-frans-hexatriene
in equation 6

1 + ethylene = all-trans-1,3,5-hexatriene + E(d)’, (6)

gives E(d)’; = 84.0 kcalmol™! for the HF/cc-pVDZ calculation, which is in good agree-
ment with the earlier estimate at the same theoretical level E(d); = 83.5 kcalmol .

In order to pin down the antiaromatic part E(an); of the total destabilization energy,
one has to estimate the strain energy E(s); of cyclobutadiene. This is possible by making
use of homodesmotic reaction 7,

cyclobutane + 4 propanes = 4 anti-butanes + E(s); (7)
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The HF/cc-pVDZ calculation yields E(s); = 26.8 kcal mol™! as the angular strain energy
of cyclobutane (13). It is of some interest to dissect E(s); into separate kinetic and
potential energy terms (equation 8),

E(s)1 = AE(T)s + AE(V)s ®)

where A signifies a difference between the corresponding terms of cyclobutane and four
open-chain anti-butanes corrected by four propanes as required by equation 7. It appears
that the total kinetic energy stabilizes cyclobutane just as was the case of the total destabi-
lization energy E (d); (Table 1). More specifically, AE(T)s = —26.5 kcal mol~!, whereas
AE (V) is 53.3 kcalmol ™, resulting in the total strain energy of 26.8 kcalmol~!. Res-
olution of the AE(V); into three components AE (Vie)s + AE (Vee)s + AE(Vyn)s shows
that the unfavorable nucleus—electron attraction is the cause of the angular strain in 13. A
comprehensive study has conclusively shown that this was generally the case’' and that
it can be reduced to bent bonds. A similar homodesmotic reaction (equation 9)

cyclobutane + 4 ethanes = 4 propanes + E(s)'13 ©)

shows that the strain energy E(s)'13 = 26.8 kcalmol ! at the HF/cc-pVDZ level is very
close to E(s);3. Consequently, it is safe to conclude that strain is not strongly dependent
on the choice of the homodesmotic reaction either. There is just one additional prob-
lem to be solved: the strain energy in 1 is larger than in 13, since the bond bending
in the former molecule is more pronounced due to the presence of the double bonds
in the four-membered ring’?. It occurs that bond bending is larger in cyclopropene vs.
cyclopropane or in cyclobutene compared to cyclobutane. In order to get an idea about
the increase in the strain energy of 1, let us consider the heats of hydrogenation of
cyclohexene and cyclobutene. The corresponding experimental values are —28.3 and
—30.7 kcal mol~!. The difference 2.4 kcal mol~! corresponds to a strain energy release in
going from cyclobutene to cyclobutane’. Tt follows that the strain energy in 1 is higher
than that in 13 by some 5 kcalmol~'. Thus we arrive at an estimate of E(s); being
about 31.8 kcal mol~', which is in excellent agreement with the experimental result of
32 4 2 kcal mol~!, as reported by Deniz and coworkers’. Therefore, the antiaromaticity
of 1 calculated relative to two trans-1,3-butadienes is E(an); = 51.8 kcalmol™!, in good
agreement with the experimental value of 55 # 11 kcal mol~!, which unfortunately has
a large error margin’*. The antiaromatic destabilization per m-electron is 13 kcal mol™!
according to our calculation’!. It follows that the 7-electron antiaromaticity contribution is
significantly larger than the o -electron strain participation in the overall destabilization of
1. It should be mentioned in this respect, however, that trans-1,3-butadiene does possess
some m-electron delocalization energy, which was disregarded in the foregoing discus-
sion. As a matter of fact, it is by no means negligible as shown by Carreira’. According
to the spectroscopic measurements of the torsional potential of trans-1,3-butadiene, the
conjugation energy is approximately 7 kcal mol~!. If the conjugation energy of two trans-
1,3-butadienes is subtracted from E (an){, one obtains the antiaromatic destabilization of
38 kcal mol~!, which is still larger than the o-strain energy of 1, albeit to a lesser extent.
This is at variance with analysis of Mo and coworkers’®, who claimed that the destabi-
lization energy E(d); was a direct outcome of the o frame’s ring strain. It is interesting
to mention that our final estimate of E(an); = 38 kcalmol™! is in reasonable agreement
with the G2 estimate of 40.6 & 1.7 kcal mol~! obtained by using localized C=C double
bonds as a reference level’”. On the basis of these results one concludes that the antiaro-
matic destabilization of 1 per m-electron is close to 10 kcal mol~!. Finally, we would like
to issue a caveat regarding the kinetic energy of the m-electrons as a good criterion of
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antiaromaticity used within the molecular virial theorem as suggested by Ichikawa and
Ebisawa’®. The reason for the criticism is that the virial theorem does not hold for the o-
and m-electrons separately. Consequently, the kinetic energy E(T)fjy taken with a nega-
tive sign cannot be identified with the total energy of the w-electrons. The same holds for
the E(T)fp term and the o-framework. If the o- and -components of the kinetic energy
were considered as true energies of the o- and m-electrons, then it would follow accord-
ing to the virial theorem that the o-electrons are a predominating factor in determining
the total destabilization energy of 1. This would be, however, erroneous, as our analysis
expounded above has conclusively shown.

D. Fused Cyclobutadienes
1. The spatial and electronic structure of [4Jannuleno[6]annulenes

Fused planar systems involving juxtaposed cyclobutadiene and benzene moieties pro-
vide an interesting class of the extended m-electron systems, which exhibit unusual
properties. This is not surprising, because cyclobutadiene ring and benzene possess differ-
ent structural and electronic demands. Since 1 is a small highly strained ring, its fusion to
benzene(s) will undoubtedly lead to a spillover of the strain to the aromatic fragments(s).
Moreover, 1 will try to release the unfavorable 47 antiaromatic destabilization at the
expense of the neighboring benzene moiety. On the other hand, the aromatic fragment(s)
will tend to diminish perturbation imposed by annelation of one or several cyclobutadi-
ene small rings. The resulting geometries and the electronic properties will therefore be
results of an interplay between the diametrically opposed tendencies—relief of antiaro-
maticity and retention of aromaticity—which promises a plethora of interesting results
and new features. Some important consequences of these competing factors will be exem-
plified by considering the problem of the bond-stretch isomerism in benzocyclobutadiene
(14), benzo[1,2:4,5]dicyclobutadiene and some related systems as well as a discussion of
[N]phenylenes, which in turn aroused a lot of interest in the last two decades for very
good reasons.

a. Benzocyclobutadiene: The Mills—Nixon effect. In order to take control over a
highly pronounced reactivity of 1, its annelation to larger and more stable rings has
been attempted. The simplest example is given by benzocyclobutadiene 14, which is
still a quite reactive species. Hence, it has been trapped and isolated only in an Ar
matrix at very low temperature (20 K) and its IR, UV-visible”®, photoelectron®® and
NMR8! spectra have been recorded and examined. Much of the chemistry of 14 and its
derivatives has been described by Toda and Garratt®?. The X-ray structure of bis-(7,8)-z-
butyl-tetramethylbenzocyclobutadiene 15 was determined by Winter and coworkers®3. All
experimental evidence was in favor of structure 14 with one notable exception: the chemi-
cal shifts were interpreted by making use of the distribution of the double bonds indicated

0o o o,

(13) 14) (14a) (14b)
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by the resonance structure 14b3!, which turned out to be erroneous (vide infra). Benzo-
cyclobutadiene is an intriguing planar antiaromatic 87 system possessing two annelated
rings. Intuitively, one would expect that its ground state has a structure 14 involving a
benzene fragment and an almost isolated double bond, instead of 87 electrons delocal-
ized over the molecular perimeter as suggested by 14b. The (resonance) structure 14a
does not look like a viable isomer either. Several theoretical studies show that this is
indeed the case. The modern valence bond (VB) theory in its spin-coupled (SC) form
based on the complete active space self-consistent field (CASSCF) optimized geometry is
consistent with a distorted benzene ring and a peripheral localized double bond®*. Each of
the eight spin-coupled m-orbitals is found to be well-localized at one carbon atom only,
with small distortions toward its nearest neighbors. Their inspection reveals that distor-
tions are more pronounced within a strongly localized distal C(7)—C(8) double bond (cf.
Figure 2 of Reference 84). In addition to the peripheral double bond belonging to the
cyclobutadiene fragment, significant bond fixation is found in C(1)—C(6), C(2)—C(3) and
C(4)—C(5) bonds. This is in harmony with the much-debated Mills—Nixon effect®® (vide
infra). Karadakov and coworkers®* concluded that benzocyclobutadiene 14 inherits neither
the aromatic nor the antiaromatic character and that it should be regarded as a nonaromatic
compound. A similar conclusion is reached by Hansen and coworkers®® on the basis of
magnetic shielding calculations. However, the best probe of antiaromaticity/aromaticity
is provided by isodesmic or homodesmotic reactions. Kass and Broadus®” have shown by
using the isodesmic reaction 10

benzocyclobutadiene + cyclobutane = benzocyclobutene + cyclobutene + E(d);4 (10)

that the antiaromatic destabilization E(d);4 = 18 & 4 kcalmol™! (exp.), 19 kcal mol™!
(B3LYP/6-31G(d)) and 20 kcal mol~! (MP2(fc)/6-31 + G(d)). Therefore, it is safe to say
that benzocyclobutadiene 14 is antiaromatic. This result illustrates rather nicely a fact that
the energetic (thermodynamic) criterion of antiaromaticity/aromaticity is superior to other
indirect and qualitative indices, which in turn should be used with due care.

Recently, benzocyclobutadiene was carefully studied within the context of bond-stretch
isomerism. The latter was introduced by Chatt and coworkers®® as a distortional isomerism
to characterize metallic complexes that differ only by the length of one or several bonds.
Subsequently, this concept was studied in organic chemistry by Hoffmann and coworkers®
and was renamed bond-stretch isomerism. It proved very elusive and has been questioned
by several researchers, thus being controversial®. Indeed, some experimental results in
favor of bond-stretch isomerism had to be reinvestigated and it turned out that some
X-ray data were misinterpreted, because of serious disorder problems®. Hence, serious
doubts were cast on the very existence of this phenomenon. It is important to point out
that bond-stretch isomerism should not be confused with spin isomerism, which involves
two isomers of the same compound differing in the total spin’'. Instead, bond-stretch
isomers should possess the same spin and differ in the bond lengths between the same
types of atoms. The pioneering computational study of bond-stretch isomerism of 14 was
performed by Schulman and Disch®?. They examined the potential energy hypersurface
(PES) by the Hartree—Fock HF/3-21G and MP2/6-31G models and found two minima
corresponding to structures 14 and 14b, the former being lower by 46.8 kcal mol~!. The
linear synchronous transit (LST) procedure was used to estimate the barrier height between
the two possible isomers at the MP2/3-21G level and it occurred that the energy profile
for the bond-stretching process was highly unsymmetrical. The barrier relative to 14 is
quite high (44 kcalmol™"), but it is only 3 kcalmol~! in going from 14b to 14. Addi-
tional CASSCF(8,8)/STO-3G calculations have shown that 14b was a false minimum,
implying that benzocyclobutadiene does not exhibit bond-stretch isomerism. Further, it
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was shown by Schulman, Disch, Jiao and Schleyer”® by using the HF model and the
gauge invariant atomic orbital approach (GIAO) employing the 6-31G* basis set that the
proton chemical shifts are fully compatible with the structure 14. Hence, it appears that
the interpretation of Trahanovsky and Fischer®' was not correct. Recently, the spatial and
electronic structure of 14 was reexamined by a number of theoretical methods**, including
the HF/6-31G*, B3LYP/6-31G* and MP2(fc)/6-31G* treatments as well as the single-state
SS-CASSCF(8,8)"/6-31G* geometry optimization supplemented by the single-point SS-
CASPT?2 calculations in order to take into account both the nondynamical and dynamical
correlation energy effects. The latter perturbational treatment of the second order (PT2),
introduced by Roos and coworkers®>%, gives a considerable portion of the dynamical
correlation energy. It turns out that the single-configuration HF/6-31G*, B3LYP/6-31G*
and MP2(fc)/6-31G* models predict the existence of both local minima corresponding
to 14 and 14b structures. Although the latter is a ghost minimum implying that extreme
care has to be exercised in utilizing the single configuration models given above, they
all indicate that 14 is by far more stable by 49.3, 46.7 and 49.0 kcal mol~!, respectively.
This is in accordance with chemical intuition, because 14 retains the aromatic sextet
to a great extent avoiding the antiaromatic 47 pattern much more effectively than the
14b (resonance) structure at the same time. The SS-CASSCF(8,8)"/6-31G™* search of the
14b structure on the PES was performed by an artificial stretching of the annelated
C(1)—C(2) bond to very large bond distances in a parametric way. By keeping the
fused bond fixed at a particular value, the rest of the independent structural param-
eters were optimized. The single-point SS-CASPT2(8,8)" /pVDZ//CASSCF/6-31G* and
SS-CASPT2(8,8)™*° /pVDZ//CASSCF/6-31G* calculations were carried out, where 7
and (1) 4+ o denote the w-electron only and all valence electron perturbational treatment
of the dynamical correlation at the second order level, respectively. The single-point cal-
culations employed Dunning’s correlation consistent cc-pVDZ basis set®. It appeared that
stretching of the annelated C(1)—C(2) bond did not provide another isomer®*. Hence, one
can safely conclude that 14 does not have a twin bond-stretch isomer, just as claimed
by Schulman and Disch®? by using a lower level of theory. It is interesting to mention
that the nondynamical correlation of the w-electrons E(ND)™ extrapolated to the infinite
basis set limit for 14 is 66.3 kcal mol~' **, being in very good agreement with the addi-
tivity rule for this quantity®”-°%. This is interesting, since it was found that both aromatic
and antiaromatic compounds exhibit remarkable nonadditivity effects albeit in different
directions®, both being counterintuitive. Thus the nondynamical correlation energy of the
m-electron E(ND)”™ in benzene is smaller than predicted by the additivity rule, whereas
the contrary holds for cyclobutadiene. The fact that 14 conforms to the additivity rule
for E(ND)™ indicates that it is a nonaromatic compound. This is in contradiction with
result of Kass and Broadus®’, thus emitting a caveat that E(ND)" should not be used as
an index of antiaromaticity/aromaticity in compounds involving fused cyclobutadiene and
benzene rings.

The structural features of 14 deserve attention, because they have a decisive influence on
its chemical properties. The characteristic bond distances™ calculated for 14 are compared
with X-ray data derived from the crystal structure of the derivative 15 in Table 2.

The Lowdin w-bond orders are obtained by the SS-CASSCF(8,8)"/6-31G* method
employing symmetrical partitioning of the interatomic mixed electron densities'®. Tt is
apparent that the calculated bond distances are in good agreement with experiment. The
variation in bond distances is consistent with the Mills—Nixon effect®, which implies
shortening of exo-C(2)—C(3) bond distances and lengthening of the fused C(1)—C(2) bond
relative to a free benzene value. Before discussing the importance of the Mills—Nixon
effect in determining the structure and reactivity of annelated molecules'®!, we would like

to focus on the m-electron density distribution of 14. Lowdin 7-bond orders'® assume a
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TABLE 2. Bond distances of 14 calculated by the MP2 and CASSCF methods and their comparison
with the crystal structure data of 15 (in A)

Molecule Bond MP2(fc) SS-CASSCF/6-31G*  Exptl.¢  BO(m)¢

14 C(H—C(2)  1.420¢ (1.429)% 1.434 1.416 0.41
C2)-C(3) 1368 (1.378) 1.355 1.347 0.74
C3)—-C@)  1.429 (1.436) 1.446 1.435 0.43
CA)—C()  1.386 (1.396) 1.374 1.373 0.74
C(D-C(7) 1521 (1.532) 1.509 1.531 0.19
C(N—C(@8) 1360 (1.372) 1.361 1.359 0.82

¢ MP2(fc)/6-31G*.

b MP2(fc)/cc-pVDZ.

¢ X-ray for 15 from Reference 83.

4 Léwdin bond orders'® obtained by the SS-CASSCF(8,8)7/6-31G* method.

very low 0.19 value in C(1)—C(7) and C(2)—C(8) bonds in an obvious tendency of the
m-network to diminish the interaction between the six-m-electron moiety and the distal
m-double bond. Concomitantly, the latter double bond has the highest value (0.82) in the
system. Further, the bond orders within the benzene ring reveal a clear w-bond fixation,
since the r-bond orders in C(2)—C(3) and C(4)—C(5) bonds assume an appreciable value
of 0.74 while C(3)—C(4) and C(5)—C(6) bonds possess an intermediate value of 0.43.
Similarly, the annelated C(1)—C(2) bond has the -bond order 0.41. Closer scrutiny shows
that this is a combined effect of the rehybridization of the carbon junction atoms and the
m-electron interactions within the 87 network.

Since the Mills—Nixon effect was a matter of debate in the past, it is fitting to discuss the
roots of the main misunderstandings present in the literature in more detail. Historically,
the Mills—Nixon effect was discovered some seventy years ago® by the electrophilic sub-
stitution reaction studies of benzene fused to carbocyclic rings. Two illustrative examples
are given by indan 16 and tetralin 17.

electrophile electrophile

(16) 17)

Since the molecular structure of indan was not known at that time, Mills and Nixon
(MN) assumed the regular structure of the five-membered ring, which implied that the
bond angle C(1)—C(2)—C(9) was 108°. Possessing at hand only the tetrahedral model for
the carbon atom valencies of Van’t Hoff and Le Bel, Mills and Nixon placed the single
bond valencies of the carbon junction atom along the C(1)—C(2) and C(1)—C(7) bonds
in order to conform to the almost tetrahedral C(1)—C(2)—C(9) bond angle. The double
bond of benzene was laid down along the C(1)—C(6) link and was described by two bent
bonds much in the sense of Pauling!'??. Consequently, the preferred resonance structure in
16 is the one involving the double bonds exo to the five-membered ring. Notice that the
annelated CC bond in benzene should have sp*—sp® hybridization according to the MN
hypothesis. This prediction came true in systems involving highly strained, small fused
rings, to be discussed later. The opposite should take place in tetralin 17, leading to the
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antipodal behavior in their reactivity®®, which was corroborated by the simple quantum
mechanical treatment of Sutton and Pauling'®® and a number of ab initio calculations
much later on (vide infra). It is fair to say that the partial bond localization in 16 and 17
is almost negligible. However, the bond fixation in benzocyclobutadiene 14 (Table 2) and
in some other fused systems is considerable (vide infra). Obviously, small rings exert a
profound influence on the structure and properties of annelated aromatic moieties. It is
therefore of considerable interest to pinpoint the origin of the Mills—Nixon effect. The
first reason is rehybridization of the carbon junction atoms as identified by us!® and
Stanger and Vollhardt!®. An elegant and clear-cut proof is provided by model systems
18a and 18b!01:105,

(18a) (18b)

The effect of a tris-annelation is mimicked by a simultaneous bending of three pairs of
vicinal C—H/F bonds. The angle of bending « takes values from 90° to 120°. The results
obtained by MP2(fc)/6-31G* calculations are presented in Table 3.

They provide conclusive evidence that forced deformation of the C—H/F bonds induces
a pronounced shift of the s-character from the ipso bonds (participating in defining the
deformation angle «) to the adjacent ortho bonds. For instance, in 18a (o = 90°), which

TABLE 3. Bond distances (in A), NBO s-characters and Léwdin 7 -bond orders (bo) of deliberately
distorted benzene 18a and perfluorobenzene 18b as obtained by the MP2(fc)/6-31G* model ¢

System Bond Distance s-Character w-bo System Bond Distance s-Character m-bo
18a 18b

CcC 1.397  35.1-351 0.66 cC 1.393  37.8-37.8 0.61
a =120° a = 120°

CH 1.087 29.6-100.0 — CF 1.341  24.1-30.5 0.23
18a 18b

CC() 1414  333-333 0.63 CC(@) 1431  349-349 0.51
a=110° a=110°

CC(o) 1385 36.9-369 0.68 CC(o) 1370  40.5-40.5 0.71

CH 1.087  29.7-100.0 — CF 1.343  243-303 0.23
18a 18b

CC(@) 1446  31.0-31.0 0.59 CC(G@) 1.557  30.0-30.0 0.33
a = 100° a = 100°

CC(o) 1374 38.7-38.7 0.72 CC(o) 1.340 444-444 0382

CH 1.087  30.1-100.0 — CF 1.343  254-298 0.24
18a

CC@) 1515 274-274 049

CC(o) 1357 41.1-41.1 0.80
CH 1.083  31.4-100.0 —

“ Taken from Reference 101. The ipso and ortho bonds are denoted by CC(i) and CC(o), respectively.
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simulates triscyclobutala,c,e]benzene, the average s-character in CC(i) and CC(0) bonds
is 27.4% and 41.1%, respectively. Concomitantly, the CC(i) and CC(o) bond distances
are correspondingly 1.511 A and 1.357 A. Perfluoro model compound 18b illustrates the
fact that the effect can be amplified by deliberate choice of substituents. It is remark-
able that perturbation in the o-frame causes redistribution of the m-electrons, which
act in concert with the hybridization. The increased w-bond orders in the ortho bonds
and their decrease in the ipso bonds show that they contribute to the strengthening of
the former and weakening of the latter linkages. This interesting result is in agreement
with arguments put forward by Shaik and coworkers'% %7 presented in a number of
papers, claiming that the Dy, symmetry of benzene is due to the o-electrons, whereas
the w-electrons are distortive, preferring the localized Dj3;, structure. Another beautiful
example which illustrates the importance of the rehybridization effect is provided by
all-cis-tris(benzocyclobuta)cyclohexane 19. The molecule resembles a rose with petals,
given by three benzocyclobutenes, all being placed up in the molecular crystal relative to
the plane of the central cyclohexane ring. The latter is the most striking feature of this
compound, involving a unique, completely flat cyclohexane moiety'%® exhibiting a very
strong alternation of CC bond lengths. The ipso C(1)—C(2) and ortho C(1)—C(1") bond
distances are 1.599 (1.595) and 1.511 (1.491) A, respectively, where X-ray (semiempirical
AM1'9) values reveal a large anisotropy in lengths d(CC); — d(CC), = 0.09(0.10) A. It
is worth noting that experiment and theory are in very good agreement. A very long ipso
bond has very low s-character (21.4%—21.4%) as compared to 27.1%—27.1% s-character
in ortho bonds. It should be also mentioned that the energy-partitioning technique within
the AM1 method shows that the ortho bonds are much stronger than the ipso ones!®. It is
noteworthy that the AM1 calculation also shows that one petal in 19 is trans to the other
two in the gas phase, as expected intuitively. However, all three are cis in the crystal,
obviously due to crystal forces. Compound 19 is a crown case, which shows convincingly
that the rehybridization effect is of paramount importance in determining bond alternation
in a planar cyclohexane moiety, where m-electrons are completely absent. There is no
reason why this should not hold in planar systems involving m-electrons too.

It would be of interest to find a fused system, where CC bonds have approximately
the same hybridization and the partial bond fixation is induced by the m-electron network
only. Fortunately, there is such a molecule (triphenylene) 20 depicted in Figure 3.

This compound exhibits reversed MN x-electron bond fixation as expected upon fusion
of the central benzene ring with three peripheral benzenes, in some analogy with tetralin
17. However, in the case of 20, instead of a single cyclohexane carbocycle, three benzene
rings are annelated in a symmetric D3, manner (Figure 3). Ab initio MP2(fc)/6-31G* bond
distances'®! are in good accord with X-ray and neutron diffraction''® data. In particular,
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FIGURE 3. Bond distances (in A) and NICS(1) values in triphenylene 20 and the resonance effect
in naphthalene 22

it was found that the annelated (ipso) bonds of the central benzene ring are considerably
shorter 1.411 (1.420) A than the ortho bonds 1.459 (1.463) A, where the MP2 results are
given within parentheses. Baldridge and Siegel'!! found this feature puzzling and argued
that the ipso bonds were shorter because the peripheral benzenes tend to assume the aro-
matic 67 pattern implying regular six-membered rings. This interpretation is vague, since
it does not take into account that distal benzene fragments exhibit partial -electron local-
ization too, as evidenced by alternating bond distances 1.406 (1.413) A, 1.374 (1.385) A
and 1.402 (1.400) A for ortho, meta and para positions, respectively (Figure 3). Namely,
it will become clear later that partially localized benzene moieties retain a very large
amount of their aromaticity despite moderate bond fixation. Hence, the situation is more
subtle and it appears that a better explanation of the significant bond-fixation is offered by
realizing that triphenylene 20 is composed by three naphthalene moieties coalesced in the
central ring. It is important to recall in this respect that naphthalene itself exhibits partial
m-electron localization by forming distal cis-1,3-butadiene patterns to some extent rela-
tive to the central CC bond as evidenced by both X-ray measurements''? and theoretical
calculations!!3. It happens that each of the twin-benzene fragments in naphthalene tends
to preserve its aromaticity by localizing the other ring in the cis-1,3-butadiene fashion
as illustrated by resonance structures 21a and 21b, resulting in the characteristic domi-
nant bond fixation pattern of naphthalene 22 (Figure 3). It is worth mentioning that all
three HF/6-31G*, MP2(fc)/6-31G* and MP3(fc)/6-31G* theoretical models give bond dis-
tances in good agreement with experiment. Interestingly, redistribution of the m-electron
densities leads to a very moderate rehybridization in 22'°!. Since the central benzene in
triphenylene 20 is a part of three naphthalenes at the same time, it is expected that its
ortho bonds are roughly three times more stretched than the C(1)—C(9) bond in the parent
naphthalene (relative to free benzene). Additionally, the ipso bonds of the central benzene
ring in 20 are shorter than the C(9)—C(10) bond in 22, thus reflecting a collective effect
of the three peripheral benzene rings through a naphthalene-like 7 -bonding pattern. It fol-
lows as a corollary that -electrons can themselves produce significant bond alternation
even if the angular distortions and the accompanying Baeyer strain destabilization are
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absent. A degree of localization in 20 and 22 and a qualitative discussion of the aromatic
character of their rings will be given later.

On the basis of the foregoing discussion it is possible to give a definition of the
Mills—Nixon effect'?': It is a perturbation of the aromatic moiety exerted by fusion of one
(or several) nonaromatic and angularly strained molecular fragment(s). This perturbation
is reflected in the characteristic partial w-electron bond localization, leading to modifica-
tion of a number of physical and chemical properties of the aromatic moiety. Consequently,
the notion of the Mills—Nixon effect is free of any preconceived underlying mechanism
pertaining to the exerted perturbation. This is important to bear in mind, because the
mechanisms and manifestations of the MN effect may be different in different molecular
systems. To be more precise, the MN effect is generally a result of an interplay of sev-
eral types of intramolecular interactions'?!. Furthermore, their relative contributions vary
from one family of compounds to another. It should be also emphasized that the angularly
strained fragments fused to an aromatic moiety do not necessarily have to be monocycles.
Finally, a useful diagnostic tool for identifying the MN effect is the ortho bond placed
next to the fused catenation bond: if the ortho bond is shortened upon annelation rela-
tive to free benzene, then the MN effect is operative. However, if the fused small ring
is cyclopropene, then another criterion should be applied in view of the extremely high
angular strain and short CC bonds of the three-membered fragment(s)'?!.

It should be pointed out that there is some confusion in the literature concerning the
very existence of the MN effect. It was claimed in some crystallographic papers!! 113
that changes in the benzene ring induced by annelation are so small that they can be
safely disregarded. This standpoint is based on the crystallographic criterion of what is
a significant anisotropy in the bond lengths, derived from the standard deviation error o.
Since o for all substituted benzenes is 0.013 A, according to available crystallographic
data, the significant CC bond changes in benzene are postulated to be only those which
are equal to or larger than 430, i.e. & 0.04 A according to Boese and colleagues''.
This is, however, a very large number (i.e. error) for modern quantum chemistry com-
putational standards. It should be recalled that the CC bond distances are very well
correlated with the hybridization types sp”—sp” (n, m =1,2,3). A decrease of n or
m by 1 leads to a shortening of the CC bond by 0.04 A (and vice versa)''®. In other
words, the distance between C(sp?)—C(sp®) carbon atoms is smaller than that between
C(sp>)—C(sp®) carbons by 0.04 A. This has important consequences, because a number
of properties depend strongly on the bond distances and hybridization types of the par-
ticipating atoms, to mention only the indirect spin—spin coupling constants J(C'3—C!3)
between the directly bonded carbon nuclei. It was shown by Giinther and Herrig'!? that the
J(C®—C"®) coupling constants in fused Mills—Nixon compounds varied in accordance
with rehybridization taking place in the o-frameworks. It follows that even if inaccura-
cies as large as a =30 margin are acceptable in crystallography, they are definitely not
tolerable in the modern theory of the electronic structure of molecules and computational
chemistry. We shall see shortly that the MN effect has a decisive influence not only on the
physical properties like J(CC) coupling or force constants'?!, but also on the electrophilic
reactivity of annelated benzenes, and yet the variation in the CC bond distances of the
aromatic nucleus is smaller than £3o.

A word on terminology is in place here, too. Some researchers prefer to use the term
strain-induced bond localization (SIBL) instead of the MN effect!!7-120, Others choose
better to pay a tribute to Mills and Nixon for their pioneering paper®’, which has trig-
gered a number of studies over several decades. The latter contributed significantly to
the understanding of the structure and properties of annelated aromatics, which has led
to rationalization of their basic electronic facets'?”-121-127. We would like to stick to the
traditional terminology accepted by a majority of researchers in the field for two reasons:
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FIGURE 4. Cationic resonance effect in Wheland’s o-complexes triggered by the attack of the
electrophile X at «- and B-positions. The critical carbon junction atoms are denoted by dots

(a) the argument used by Mills and Nixon in their original paper was that the angular
strain of the cyclopentene carbocycles dictated the mode of w-bond fixation, and (b) the
general definition of the MN effect (vide supra) includes not only the angular strain, but
additionally the hyperconjugative interaction of the aromatic moiety with CH, group(s) of
the fused carbocycle or a certain amount of conjugation with the localized distal double
bond, thus going beyond the angular strain alone.

We are now in a position to discuss the electrophilic reactivity of benzocyclobutene.
It is not surprising that the distribution of the m-electron density in 14 (and 15) exhibit-
ing a pronounced bond fixation has profound consequences on the chemical reactivity of
the benzene ring. Examination of the electrophilic substitution reaction of 14 provides
conclusive evidence of the regioselective MN effect, since the S-position is considerably
more susceptible to the electrophilic attack with the proton'?’ and methyl cation'?® as
electrophiles. This finding is easily understood by inspection of the relevant Pauling’s
resonance structures (Figure 4), where the spin pairing schemes involving a cyclobuta-
diene distribution of the m-double bonds within the four-membered ring are omitted as
less important.

It follows that the S-electrophilic attack is more compatible with the 7 -electron localiza-
tion in the initial neutral molecule. In particular, the additional resonance structure occur-
ring in the B-form retains the 7 -bond localization of the important dimethylenecyclobutene
type in the exo C(1)—C(6) and C(2)—C(3) bonds. The actual MP2(fc)/6-31G**//HF/6-
31G* calculations confirm this intuitive conjecture'?”-!28, It should be strongly pointed
out that the preference of the B-electrophilic substitution is one of the hallmarks of the
Mills—Nixon effect and consequently it will be discussed in more detail later on in systems
where the experimental data are more abundant.

Since fusion of cyclobutadiene ring to benzene moiety exerts a strong perturbation on
the latter, it is of some interest to examine the effect of tris-annelation yielding 23. It
has been shown by the present authors and coworkers'?® and Streitwieser, Vollhardt and
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TABLE 4. Characteristic bond distances (in A) in benzotricyclobutadiene 23 and 3,3'-dimethylene-
cyclobutene 24, hybridization s-characters (in %) and Lowdin 7-bond orders as calculated by the
HF/6-31G* and MP2(fc)/6-31G* models'"!

Bond lengths s-Characters Lowdin w-bond orders
Molecule Bond HF MP2 HF MP2 HF MP2
23 C(H—-C(2) 1345 1381 355-355 342-342 087 0.77
C(2)—C(3) 1483 1470 29.6-32.0 30.6-33.0 0.28 0.33
C(3)—-C@) 1317 1344 423-423 41.6-41.6 0.85 0.76
C#—-C() 1500 1.509  25.6-25.6 253-253 0.23 0.24
24 C(H—-C(2) 1337 1366 354-354 344-344 088 0.80
C(2)—C(3) 1.484 1480 29.8-28.4 30.6-289 0.8 0.30
C3)-C#) 1316 1338 43.1-39.2 423-388 092 0.85
C3)—-C@3) 1509 1.508 28.4-284 28.6-28.6 0.21 0.23

coworkers'3? that 23 possessed an almost frozen Kekulé structure with localized double

bonds emanating from the four-membered ring at exo positions, thus resembling a triple
3,3'-dimethylenecyclobutene structure 24. On the other hand, the annelated (ipso) bonds
have essentially a single bond character. This is a conclusion based on the HF/6-31G*
and MP2(fc)/6-31G* calculations of the geometries, local hybrid orbital s-characters and
Loéwdin r-bond orders presented in Table 4.

It appears that the HF/6-31G* model overestimates localization of the C=C double
bonds, which is rectified by the post-Hartree—Fock MP2 model. This is reflected also
in Lowdin w-bond orders, which are lower in double bonds and somewhat higher in
essentially single bonds by the correlated MP2 calculations compared to the HF/6-31G*
model. In contrast, the hybrid orbital s-characters change very little by explicit account
of the correlation energy at the MP2 level. It is remarkable that the fused bonds are
described by the sp®—sp® hybridization despite the fact that they are parts of the planar
o-framework. This is in accordance with a bold Mills—Nixon hypothesis made in 1930
in indane®. In contrast, the exo bonds possess very high average s-character of 41.6%.
It is noteworthy that the C=C double bonds in a central cyclohexatriene-like ring are
moderately delocalized as evidenced by the w-bond order of 0.24 found in the formally
CC single bonds. To put it in another way, it is fair to say that the central ring is best
described by three weakly coupled w-double bonds. A considerable shift of the s-character
into exo bonds accompanied by a pronounced drift of the m-electron densities to the
same positions is a signature of a strong MN effect. Comparison of the bond distances,
s-characters and sw-bond orders between 23 and 24 shows that benzotricyclobutadiene
can be rather closely represented by coalescence of three 3,3’-dimethylenecyclobutenes
(Table 4).

It is well known that nucleus independent chemical shift (NICS , customar-
ily calculated at 1 A above the ring critical point defined by Bader’s!®>!3¢ topological
description of the electron distribution in molecules (NICS(1)), provides a useful index
of antiaromaticity/aromaticity. They measure paratropic ring currents in antiaromatic and
diatropic ring currents in aromatic molecules. The present calculations show that, for
example, the HF/6-31G* model based on the gauge invariant atomic orbitals (GIAO)
gives for the NICS(1) values —6.6 ppm and —12.4 ppm for the central and peripheral
benzene ring in 20 (Figure 3), respectively, indicating an almost complete retention of
the aromaticity in the latter moieties despite a partial bond fixation (vide supra). On the
other hand, the central ring exhibits a decrease in aromaticity by approximately 50%.
A closely related GIAO HF/3-21G calculation on benzocyclobutadiene 14 yields —6.0
and 10.4 ppm®* for the aromatic and antiaromatic fragment, respectively. It should be

)131—134
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mentioned that NICS(1) values are not very sensitive to the basis set employed. Hence,
results obtained by the GIAO HF/6-31G* and HF/3-21G calculations are comparable. The
NICS(1) values for free benzene and cyclobutadiene are —12.5 and 15.1 ppm, respec-
tively, obtained by utilizing the 3-21G set®>. The NICS(1) values in a strongly localized
system 23 are very interesting. The GIAO HF/3-21G calculation gives —2.6 and —4.2 ppm
for the six- and four-membered ring, respectively®?, indicating that the aromatic stabiliza-
tion of the benzene fragment is nonexistent. This is consistent with the picture of an almost
frozen cyclohexatriene moiety (single Kekulé structure). In contrast, cyclobutadiene sub-
units exhibit—surprisingly enough—a mild aromaticity, which is comparable to that in
3,3’-dimethylenecyclobutene 24 (—4.5 ppm). This conclusion depends, of course, on a
borderline drawn between the slightly aromatic and nonaromatic compounds. It follows
that the m-electron part of the cyclobutadiene fragments in 23 contributes somewhat to the
stability of this not yet synthesized compound, presumably due to its high angular strain.

Another very interesting compound involving cyclobutadiene moiety deserving a few
words of a comment is 1,3-dimethylenecyclobutadiene, which in turn is a non-Kekulé
isomer of benzene. It has been synthesized and its EPR spectrum has shown that
the ground state was planar triplet'®’, in agreement with earlier calculations'*® and
subsequent ab initio studies'3> %", The spin-coupled VB treatment'*! described 1,3-
dimethylenecyclobutadiene as a system of two para C=C double bonds and a diagonally
triplet coupled ‘antipair’ of electrons. Its ‘dimer’ 25 is, on the other hand, a singlet due to
the anti parallel alignment of two ‘antipairs’ via the so-called superexchange interaction'#?
mediated by a common double bond.

(25)

A straightforward generalization of this result has led to the conclusion that linear 1,3-
dimethylenecyclobutadiene chains (polymers) should be triplets for any odd number of
fragments'#!. This interesting finding might be useful in designing magnetic materials.

b. Benzo[1,2:4,5]dicyclobutadiene: A quasi-[10]annulene system. Benzodicyclobutadi-
ene 26 is even less stable and more reactive than 14%2. Its derivative 3,6-di-z-butyl-7,8,9,10-
tetraphenylbenzo[ 1,2:4,5]dicyclobutadiene 27 was synthesized by Toda and Ohi'** and
its crystal structure was determined by Boese and coworkers'**. The molecular geometry
possesses C, symmetry, with the annelated C(1)—C(2) bond distance, which is the longest

Bu-t

Bu-1
(26) 27 (28)
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ever found in a benzene ring (1.540 A). This is remarkable for two linked carbon atoms
in a formally sp? hybridization state as is commonly assumed. As a matter of fact, this
bond is of the sp®—sp’® type as we have seen in 14, although it belongs to the planar
o-framework. It is a consequence of the MN effect. Hence, the electronic structure of 26
is of great theoretical importance. It was studied by Schulman and Disch®?, who found that
26 is a minimum on the Born—Oppenheimer PES at the MP2(full)/6-31G* level, but they
were not able to locate the structure 28 of D,, symmetry. Instead, the MP2(full)/6-31G*
model gave as a local minimum just one of its resonance structures of C, symmetry,
which was an artifact of the single-configuration method. Hence, a multiconfigurational
approach is necessary and it was applied to settle the problem by Maksi¢ and coworkers®*.
It was realized that 26 and 28 are two potential bond-stretch isomers in spe (in hopes)
since their HOMO and LUMO orbitals are interconverted (Figure 5), implying that they
might form a barrier by an avoided crossing in going from 26 to 28 and vice versa.

The corresponding 7-electron ground-state configurations of 26 and 28 are (B3,)?(B3,)>
(B2g)*(Au)*(Big)? and (B3,)*(B3u)*(B2g)*(Big)*(Ay)?, respectively. It appears that the
ground-state 7 -electron configuration of 26 is the first excited state of 28. The opposite holds
for the ground state of 28 and the first excited state of 26. Consequently, one should employ
the two-state TWS-CASSCEF procedure and a subsequent TWS-CASPT?2 perturbation cal-
culation. The first important result was that the nondynamical correlation of the 7 -electrons
taken into account by the TWS-CASSCF(10,10)™/6-31G* method did not yield an avoided
crossing. The nondynamical w-electron correlation effect calculated at the single-point
TWS-CASPT2(10,10)" /cc-pVDZ//TWS-CASSCF(10,10)"/6-31G* level did not introduce
any improvement either. This drawback was circumvented by accounting for both o - and
m-electron dynamical correlation energy estimated by the TWS-CASPT2(10,10)%*7 /cc-
pVDZ//TWS-CASSCF(10,10)"/6-31G* approach. In this case a barrier for interconversion
of 26 into 28 was predicted to be 3.4 kcal mol~! . Obviously, the dynamical correlation of
o-electrons plays a very important role in benzo[1,2:4,5]dicyclobutadiene. It was also found
that 28 is more stable than 26 by 3.2 kcal mol~!. These results should be taken with due
care, since it was not possible to optimize geometries at the TWS-CASPT2 level. Much
more reliable in this respect is the multireference average coupled cluster (MR-AQCC)
method, which is capable of reproducing the multireference character of the wavefunction
and includes the size-extensivity corrections'*>. An additional important advantage of this
approach is the availability of the analytic gradients'*®, which makes geometry optimization
at a post-CASSCF level possible. This is of great importance in locating the transition states
(TS). In view of the controversial character of the concept of bond-stretch isomerism we
deemed it worthwhile to examine structures 26 and 28 at the MR-AQCC(SA) level, where
SA denotes the state-averaging approach. The structural parameters of 26 and 28 obtained
by the state-averaged MR-AQCC(SA)/6-31G* calculations are summarized in Table 5.

(26) (28)

FIGURE 5. The highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals in
bond-stretch isomers 26 and 28
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TABLE 5. Bond distances of compounds 26 and 28 calculated by MP2, TWS-CASSCF and
MR-AQCC(SA) methods and their comparison with available experimental data (in A)

System Bond MP2(fc)®  TWS-CASSCF® MR-AQCC(SA)¢ Exptl.¢ BO(t)¢

26 C()—C(2) 1.409 (1.419) 1.430 1.410 — 0.54
C(2)—C(3) 1.394 (1.404) 1.394 1.394 — 0.60
C()—C(7) 1.536 (1.547) 1.513 1.537 — 0.15
C(7)—C(@8) 1.355 (1.367) 1.367 1.357 - 0.82

28 C()—C(2) 1.555 (1.563) 1.54 1.550 1.540(5) 0.19
C(2)—C(3)  1.390 (1.400) 1.392 1.392 1.407(5)  0.60
C()—C(7) 1.397 (1.409) 1.415 1.401 1.401(5) 0.1
C(N—C(8) 1.439 (1.472) 1.442 1.458 1.471(5) 048

¢ MP2(fc)/6-31G* results. Numbers within parentheses refer to MP2(fc)/cc-pVDZ calculations. Results obtained
by the MP2 method are taken from Reference 94.

b The TWS-CASSCF(10,10)7/6-31G* method and results taken from Reference 94.

¢ MR-AQCC(SA)/6-31G* results, Reference 147.

d Experimental X-ray data of 3,6-di-tert-butyl-7,8,9,10-tetraphenylbenzo[1,2:4,5]dicyclobutadiene, Reference 144.
¢ Lowdin m-bond orders are obtained by SS-CASSCF(10,10)"/6-31G* calculations, Reference 94.

Inspection of the presented results reveals a close semblance of the MP2(fc)/6-31G*
single-reference and MR-AQCC(SA)/6-31G* multireference bond distances, which is
both surprising and gratifying. Second, they are in good agreement with the experi-
mental data, particularly if it is taken into account that the latter are obtained for a
heavily substituted derivative 27 in the crystal. The largest deviation is found for the
distal C(7)[C(9)]—C(8)[C(10)] bonds, where the theoretical estimates fall short of the
experimental distance 1.471(5) A. This is easily rationalized by the repulsion of the two
substituted benzene rings and an additional conjugation effect between the m-electrons of
the peripheral C=C bonds of the 1 fragment and the aromatic substituents'4’. Inspection
of Lowdin rr-bond orders is instructive. The aromatic character of the benzene moiety in
26 is preserved to a great deal. This is reflected in the w-bond order of the peripheral
C(7)[C(9)]—C(8)[C(10)] bonds (0.82) and very low m-density over the C(1)—C(7) bond
and its symmetry-related counterparts (0.15) which strongly indicates that their inter-
action with the aromatic fragment is at a minimum. Distribution of the w-bond orders
in 28 on the other hand mirrors a highly pronounced delocalization over the molecular
perimeter. Since the w-bond order of the fused bonds is fairly small (0.19), it follows
that 28 represents a quasi-[10]annulene system. Analysis of the bond angles (not shown
here) reveals that they are practically equal in both 26 and 28, implying that these two
systems provide excellent examples of bond-stretch isomers'#’. It is interesting to note
in passing that both isomers conform to the Hiickel (4n + 2)7r rule: isomer 26 preserves
the central benzene moiety, whereas 28 involves the aromatic delocalization of all 10x
electrons over the molecular perimeter. These conjectures are corroborated by the present
GIAO HF/6-31G* calculations of NICS(1) values. In 26 the NICS(1) values are —3.3 ppm
and 15.2 ppm for the benzene and cyclobutadiene moieties, respectively, indicating that
antiaromaticity has overwhelming influence on the low stability of this compound. In a
quasi-[10]annulene isomer 28, NICS(1) values assume very high absolute values being
—11.4 and —17.7 ppm over the six- and four-membered rings, respectively. Obviously, the
m-network is a strongly stabilizing factor, which compensates for a bond-stretching strain
inherent in the very long fused bonds. As a net effect, it turns out that both isomers are
approximately of the same stability. A very high aromatic character of the cyclobutadiene
fragments is astounding. Another striking feature is given by the apical C(1)—C(6)—C(5)
angle, which is very small for a planar molecule (ca 111°), whereas the C(6)—C(1)—C(2)
angle is enlarged to 124°, thus illustrating a considerable spillover of the angular strain
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FIGURE 6. The barrier for the bond-stretch isomerization reaction leading from 26 to 28 as calcu-
lated by the MR-AQCC(SA-MO)/6-31G* method

to the fused benzene ring. This is another structural detail, which is a direct consequence
of the MN effect manifested through rehybridization. The MR-AQCC(SA)/6-31G* calcu-
lations show that isomers 26 and 28 are of the same stability within the accuracy of the
method applied. In order to estimate the TS structure, an approximate reaction path has
been examined'4’ by considering internal coordinate /; (1) (equation 11):

LA =0 —=2)-1;(26) + 1 - 1;(28) 11)

where X is a parameter and /; are bond distances C(1)—C(2), C(1)—C(7) and C(7)—C(8),
because they are strongly coupled in the isomerization process. Internal coordinates /; (1)
correspond to respective coordinates in 26 and 28 for A = 0 and A = 1. For each value
of A along the reaction path, all other independent structural parameters were optimized.
Finally, the TS structure was reoptimized allowing for a free relaxation of the C(1)—C(2),
C(1)—C(7) and C(7)—C(8) bond distances. The potential energy curve computed at the
MR-AQCC(SA) level is presented in Figure 6.

It appears that the TS is reached for A = 0.5, implying that the curve is almost sym-
metrical and that the C(1)—C(2), C(1)—C(7) and C(7)—C(8) bond lengths are practically
arithmetic means of their values in isomers 26 and 28. It is important to emphasize that
the bond angles in the TS are the same as in the structures 26 and 28, implying that they
are true bond-stretch isomers. The barrier height is 7.5 kcal mol~!, which is diminished
to 5 kcalmol~! if the zero-point vibrational energy contribution is taken into account.
In spite of the fact that the barrier of isomerization is rather low, it is quite possible
that both isomers 26 and 28 are capable of existing. Their synthesis might be facilitated
by judicious choice of substituents, which would favor one de/localization pattern over
the other. This possibility was examined by Maksi¢ and coworkers®* by using approxi-
mate MP2(fc)/cc-pVDZ and B3LYP/cc-pVDZ methods. Some characteristic compounds
are depicted below.

Their differences in stability are E(29a) — E(29b) = 11.1(3.3), E(30a) — E(30b) =
—1.6(—7.0) and E(31a) — E(31b) = 16.8(16.1) in kcal mol~'. Here, the B3LYP/cc-
pVDZ values are given in parentheses. It should be mentioned that the structure and
energies for 29a and 29b were estimated at the MP2(fc) level by employing a slightly
larger 6-31G* basis set. These two isomers differ from the synthesized compound 27
by two methyl groups, which replace the bulky ¢-butyls. It turns out that phenyl groups
substituted at cyclobutadiene double bonds favor the delocalized structure 29b for an
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obvious reason: their repulsion elongates the C(7)—C(8) and C(9)—C(10) bonds. Quite
another effect is responsible for preference of the 31b structure over the more localized
system 31a: It is a strong resonance effect between the m-electron donor NH, groups
and m-electron acceptor C = N groups. This is illustrated by two characteristic resonance
structures 31y and 31,. Obviously, a fully delocalized isomer 31b should be energetically
preferred. In contrast, calculations indicate that a ‘localized’ isomer 30a should be slightly
more stable than 30b. The bottom line is that several substituted benzodicyclobutadienes
exhibiting quasi-[10]annulene m-electron structures should be able to exist.

In concluding the topic of bond-stretch isomerism, it should be pointed out that benzo-
[1,2:4,5]dicyclobutadiene is one of a very few molecular skeletons known so far for
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enabling this elusive phenomenon in a realm of organic molecules (vide infra). An
attempt to identify bond-stretch isomers in cyclobutadieno- p-benzoquinone 32a and 32b
failed. It is expected that both possible isomers 32a and 32b are stabilized by a reso-
nance effect indicated by resonance structures 32,(n = 1-4), albeit to a different extent.
McKee and coworkers'® found that 32a and 32b are indeed minima on the B3LYP/6-31G*
potential energy hypersurface. Subsequent CASSCF(10,10)"/6-31G*//GVB(2)/6-31G* and
CASPT2(10,10)"/ANO(3s2p1d,2s1p)//GVB(2)/6-31G* calculations have shown that this
is indeed the case and that 32a is by 5 kcalmol~! more stable than 32b'“°. However,
the barrier height in going from 32b to 32a was found to be only 0.3 kcalmol ™!, if
the ZPVE is taken into account. This is negligible and one can safely conclude that
cyclobutadieno- p-benzoquinone does not exhibit bond-stretch isomerism. However, the
angular strain and antiaromatic destabilization of 32a is estimated to be comparable to that
in the parent cyclobutadiene 1'*°. Hence, it was concluded that 32a should be prone to
chemical synthesis, but in extreme conditions. In this context it should be mentioned that
cyclobutadieno- p-naphthoquinone is synthesized and that Breslow and coworkers!> esti-
mated its antiaromatic destabilization exerted by the cyclobutadiene fragment employing
electrochemical measurements. It was found to be in the range of 12—16 kcal mol™'.
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To summarize the bond-stretch isomerism discussion, it can be stated that it is a very
rare phenomenon indeed. It does exist, however, as evidenced by 1,2- and 1,8-dichloro-
perfluoro derivatives of cyclooctatetraene'!, not to mention cyclobutadiene itself and
possibly some of its substituted offsprings. Recent calculations strongly indicate that the
numbeg:i ﬁf systems exhibiting bond-stretch isomerization might be larger than supposed
so far® 147,

c. [N]Phenylenes. i. The spatial and electronic structure of paradigmatic biphenylene.
The [N]phenylenes contain alternating fused benzene [N] and cyclobutadiene [N-1] rings
juxtaposed in a linear, angular or branched manner'>> 153, The angular distribution of rings
is unusual in the sense that it becomes helical for N > 5 and they are termed heliphenes for
that reason'>* >3, [ N]Phenylenes have attracted a lot of attention in view of their possible
practical applications'®" 1% and interesting electronic structure'3% 37 culminating with the
icosahedral fullerene archimedene Cjz'°%, predicted by Schulman and Disch nearly a



44 M. Eckert-Maksié¢ and Z. B. Maksi¢

decade ago'*®, which may be regarded as spherical phenylene. These investigations were
highlighted by estimates of the limiting features of linear and zig-zag phenylenes'®. Tt
should be noted that N denotes the number of benzene rings, whereas N-1 determines
the number of cyclobutadiene moieties. The smallest is [2]phenylenes of biphenylene 33,
which can be considered as a progenitor of the large family or [N]phenylenes. Since
it has cyclobutadiene ring flanked by two benzenes, it is substantially more stable than
benzocyclobutadiene 14. It was synthesized by Lothrop!®' in 1941 and independently
by Rapson and Shuttleworth!6?. Its geometric and electronic structure is paradigmatic
for all [N]phenylenes, because it reflects a strong interplay of the angular strain with
aromaticity and antiaromaticity of catenated rings. Ab initio HF/6-31G* bond distances'”!
are compared with the X-ray measurements of Trotter and coworkers'®® in Table 6.

7.0 ppm

(33)
(O~ — )
(K1) (K2) (K3)

It appears that the HF/6-31G* bond lengths are in good agreement with experiment
although they are systematically too low by 0.01 A, which is a known drawback of
the self-consistent field approximation in the description of the double bonds. Explicit
inclusion of the electron correlation leads to their lengthening. However, the relative
changes of the CC bonds in 33 are well reproduced. It is noteworthy that the bond angles
are in perfect agreement with X-ray data (Table 6). The most interesting feature of 33 is
alternation of bond distances around the molecular perimeter. Second, the bond angles
deviate significantly from the ideal 120° value. For instance, the C(3)—C(4)—C(11) bond
angle of 115.7° reveals that the benzene rings are somewhat strained too. Moreover,
the C(4)—C(11)—C(12) angle is 147.6°, indicating a considerable redistribution of the s-
character at the carbon junction atoms. This is indeed the case as evidenced by the NBO

TABLE 6. Bond distances (in A) and bond angles (in deg) in biphenylene 33,
hybridization indices (in %) and Lowdin w-bond orders as calculated by the
HF/6-31G* model

Bond HEF“ Exptl.” s-Characters Lowdin m-bo
C(1H—C2) 1.417 1.423 34.2-34.0 0.56
C(2)—C@3) 1.373 1.385 36.3-36.3 0.74
C(4)—C(11) 1.357 1.372 35.4-40.3 0.72
C(11)—C(12) 1.507 1.514 30.2-30.2 0.21
C(10)—C11) 1414 1.426 29.3-29.3 0.52

¢ HF/6-31G* results from References 101 and 164.
b X-ray distances from Reference 163.
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values given in Table 6. There is a substantial increase in the s-character of the hybrid
AO emanating from C(11) and directed to the C(4) atom of the benzene ring (40.3%).
On the other hand, the average s-character of the hybrids describing fused bonds is only
29.3%. This is a consequence of a well known fact that small rings prefer hybrids with
high p-characters, since the bond bending is then smaller and the angular strain lower!'®,
It is easy to see that the w-electron localization acts in the same direction as the result
of a pure m-electron resonance effect. This is evident by inspection of the resonance
structures K1, K2 and K3, which suggest strong localization over the perimeter bonds
and decreased r-bond orders in the fused bond. This conjecture is qualitatively correct as
a comparison with the HF/6-31G* Lowdin 7r-bond orders shows. Thus, the bond order of
annelated bonds (0.52) is smaller than in a free benzene which diminishes the antiaromatic
character of the four-membered ring and perturbation of the six-membered ring at the same
time. In contrast, C(1)—C(10) and C(2)—C(3) bonds exhibit enhanced 7 -bond density that
is higher than in benzene. A preference of one Kekulé structure of benzene over the other
is supported by a decreased -bond order (0.56) in the C(1)—C(2) bond and its symmetry-
related counterpart. The long C(11)—C(12) and C(9)—C(10) bonds possess a low -bond
order (0.21) as expected. Interestingly, the bridge bonds are appreciably shorter (1.507 A)
than in a free cyclobutadiene (1.565 A at the same HF/6-31G* level), where perfectly
localized peripheral double bonds are found. These data indicate that the antiaromatic
character of the cyclobutadiene fragment in 33 is considerably smaller than in a free
cyclobutadiene as a consequence of the fact that the w-bond order of the fused bonds
is only 0.52. This is corroborated by the NICS(1) value for this ring, being 7.0 ppm (as
compared with 15.1 ppm in 1)°>. Concomitantly, the aromatic character of the benzene
moiety is also decreased as evidenced by NICS(1) = —8.0 ppm. It follows as a bottom
line that both o- and m-electrons act in concert in 33, leading to alternation of the bond
distances, w-bond orders and the average s-characters in the perimeter bonds. This effect
is less pronounced than in 23 (Table 4), but one can nevertheless say that the Mills—Nixon
effect in biphenylene 33 is rather strong!'®*. The bonding pattern of biphenylene is very
important for understanding the electronic structure of higher [N ]phenylenes.

The electrophilic substitution reactions are strongly favored at position 2. Streitwieser
and Schwager'® were the first to investigate the relative rates of substitution at positions
1 and 2 of biphenylene by tritiodeprotonation in trifluoroacetic acid—70% perchloric
acid (96.9:3.1 v/v) and obtained the ratio (k,/k;) = 64. Shortly afterwards, Blatchly and
Taylor166 obtained a much higher value (k,/k;) = 135 from experiments performed in
anhydrous trifluoroacetic acid. It is noteworthy that only 2-substituted biphenylenes were
isolated in acylation, halogenation and nitration reactions'®’. On the other hand, Stre-
itwieser and coworkers'%® found that planar hydrocarbons, which have an aryl position
adjacent to a fused strained ring, show enhanced acidity. Position 1 in biphenylene is
a good illustrative example, since it was found in protodetritiation experiments with
lithium cyclohexylamide in cyclohexylamine that position 1 is 79 times as reactive as
position 2!'%°. Subsequently, Taylor found that protodesilylation reaction by aqueous per-
chloric acid is undergone with the partial rate factors 27.8 and 0.52 for positions 2 and
1, respectively!’®. Hence, there is a remarkable dichotomy in the behavior of position 1,
which is deactivated in the electrophilic substitution reactions and activated in the proton
abstraction and metallation reactions. The opposite holds for position 2. These interest-
ing findings call for rationalization. The regioselectivity in the electrophilic attack on the
benzene positions in annelated systems involving small rings was studied in a number
of model systems'’"17? and real compounds'?’1?%173 by ab initio methods. The elec-
trophilic group was modeled by the proton or by the CH3™ cation. The transition states
(TS) were represented by Wheland’s o-complexes!’*, which are metastable intermediates,
and consequently they are generally accepted as a reasonable description of the nearest TS
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according to Hammond’s postulate!”>. In a nutshell, it happens that the difference in sus-
ceptibility to the electrophilic attack of 8 and « positions induced by small ring annelation
can be resolved into two contributions!?% 171-173: (1) the angular strain effect and (2) the
cationic resonance contribution. The latter is the result of either the hyperconjugation in
systems involving fused carbocycle with CH, groups next to the carbon junction atoms
or conjugation, if the catenated ring is a part of the w-system like in benzocyclobutadiene
14 or biphenylene 33. Therefore, the S positions are preferred in kinetically controlled
electrophilic substitution reactions and the extent of discrimination is dependent on the
ring size and the presence of the 7-bonds in the fused fragment!©!:128:173 In qualitative
terms, the more advantageous B electrophilic substitution in 33 is evident by examining
the relevant resonance structures below.

H H

(R1) (S1) (S2)

H H

\,

It appears that the «-substitution has only one resonance structure (R1), which pre-
serves the partial bond fixation in the neighboring unsubstituted benzene ring dictated by
the MN effect, whereas in the case of the f-substitution there are two such resonance
structures (S1 and S2). Moreover, the S2 resonance structure possesses a typical radialene
distribution of the -double bonds around the cyclobutadiene moiety found in the ground
state of 33. This ‘memory effect’ involved in the TS for the S-substitution, mimicked by
the metastable Wheland’s o-intermediate, is one of the main reasons behind a more facile
B-reaction. It follows as a corollary that the Mills—Nixon effect determines the regios-
electivity in the electrophilic substitution reaction of aromatic compounds annelated to
small rings in general. This directional feature is particularly strong if the annelated ring
is a cyclobutadiene fragment. We note in passing that in anti-MN compounds the picture
described above is just the opposite!?!: 17 Tt is very important to keep in mind that the
rehybridization at the site of catenation is important, but it is just a part of a full mosaic.
The cationic hyperconjugation or conjugation effect is the other side of the same coin.

Finally, it should be mentioned that in our ab initio description of the electrophilic
reactivity of the MN compounds, we find that the «-positions are deactivated just like in
Streitwieser’s model'%®. Particularly strong deactivation is found in benzocyclobutadiene
and biphenylene!'®'. However, according to Streitwieser and coworkers!%® this site is deac-
tivated in electrophilic substitution reactions and activated in the metallation reactions,
because the a-carbon atom is deprived of some of its electron density, since the hybrid
AO of the neighboring carbon junction atom has very high s-character, thus being strongly
electronegative. Our calculations for benzocyclobutadiene show that both w-electron den-
sity and the total atomic charge of «- and B-carbons are the same, being 0.99 |e| and
—0.17 |e|, respectively'®'. A negligible difference is found in some other MN systems.
Hence, Streitwieser’s model does not offer a credible interpretation of the reactivity of
fused aromatic compounds.

ii. The limiting features of higher phenylenes. Higher [N ]phenylenes with N > 2 will
be briefly considered, since they exhibit some new and unexpected properties. We shall
commence our discussion with linear (34) and bent [3]phenylenes (35) depicted below.
Their bond distances, s-characters and Lowdin -bond orders'>’ are given in Table 7.

Comparison of the HF/6-31G* bond distances with the X-ray crystal structures'’
reveals a good accordance between theory and experiment in particular for the bent

7
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—3.3 ppm

(35)

TABLE 7. Bond distances (in A) in linear and angular [3]phenylenes 34 and 35, NBO s-characters
(in %) and Lowdin rr-bond orders as calculated by the HF/6-31G* model

Molecule Bond d(HF/6-31G*) d(Exptl.) s-Character m-Bond order
34 C(H)—-C2) 1.424 1.436¢ 33.8-33.7 0.53
C(2)—-C@3) 1.368 1.397 36.4-36.4 0.76
C(4)—C(4a) 1.352 1.359 35.5-40.6 0.74
C(4a)—C(4b) 1.508 1.512 30.0-30.0 0.16
C(4a)—C(10b) 1.417 1.397 29.0-29.0 0.50
C(4b)—C(10a) 1.402 1.407 30.6-30.6 0.60
C(4b)—C(5) 1.383 1.385 34.3-29.1 0.64
35 C(1)—-C(®2) 1.409 1.400¢ 34.2-34.4 0.59
C(2)—C@3) 1.379 1.370 35.9-35.9 0.71
C(1)—C(10b) 1.363 1.368 39.8-35.1 0.70
C(4)—C(4a) 1.363 1.365 35.1-40.0 0.70
C(4a)—C(10b) 1.410 1.413 29.4-29.6 0.54
C(4a)—C(4b) 1.498 1.503 30.1-31.6 0.23
C(10b)—C(10a) 1.502 1.505 30.3-30.5 0.23
C(4b)—C(4c) 1.335 1.345 40.7-40.7 0.77
C(4b)—C(10a) 1.449 1.449 28.1-27.5 0.41
C(10a)—C(10) 1.345 1.348 41.3-36.5 0.79
C(9)—-C(10) 1.451 1.446 33.0-33.0 0.45

¢ X-ray structure: B. C. Berris, G. H. Hovakeemian, Y. H. Loi, M. Mastagh and K. P. C. Vollhardt, J. Am. Chem.
Soc., 107, 5670 (1985).

isomer 35. Both molecules possess central and peripheral benzene rings, which differ
in their degrees of the w-bond localization. In order to distinguish nonequivalent benzene
fragments it is useful to introduce a simple measure of the partial 7-bond fixation. It is
given by the localization index, which is related to the aromaticity defect (equations 12a
and 12b)

Lu(dcc) = Y 1d&e — decl(A) (12a)
Ly(m) =) |nl —7cc| (12b)

where dcc and Tce refer to the average bond distance and the average w-bond order in
the ring under scrutiny, respectively. The summation is extended over all bond distances
of the aromatic fragment and m denotes a fragment in question. Obviously, both L,, (dcc)
and L, () are O in the perfectly aromatic free benzene. As their values increase, both
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the aromatic defect and bond fixation are higher. The maximal values of L,,(dcc) and
L,,(r) are those of the central ring in 23, which corresponds to an almost fully localized
cyclohexatriene moiety. They read 0.55 and 1.86, respectively, thus defining the range of
values one can encounter in fused benzenes. Let us consider the linear [3]phenylenes first.
The L,,(dcc) values for the central and peripheral benzenes (m = c, p) are 0.05 (0.06) and
0.19 (0.15), respectively, where the localization indices obtained by using the experimental
bond distances are given within parentheses. The corresponding L,,(r) (m = c, p) indices
are 0.11 and 0.68, respectively. Therefore, the central ring retains a large part of its
aromaticity according to the almost even bond length distribution and a low variation in the
m-bond orders. This is at variance with the NICS(1) = —5.4 ppm value, which suggests
a substantial decrease in aromaticity. On the other hand, the L,(dcc) and L, () indices
strongly indicate a more pronounced localization of the peripheral benzene rings. Despite
the increased localization, NICS(1) = —7.5 ppm would suggest a slight enhancement of
the aromaticity compared with the central ring®?. These results show that NICS(1) values
in phenylenes should be taken with due care. The picture of the angular [3]phenylenes 35 is
just the opposite to that found in its linear counterpart: the central ring is considerably more
localized than that in 34 as evidenced by L.(dc¢) = 0.32 (0.30) and L () = 1.08. This is
intuitively clear, because 35 can be imagined as if it were composed by two biphenylenes
coalesced in the central benzene ring. Interestingly, this ring is more localized than the
peripheral ring in 34 too. Analogously, the peripheral ring in angular [3]phenylenes 35
is somewhat more delocalized than its counterpart in 34. The corresponding NICS(1)
values, shown with the structures, are in qualitative agreement with this conclusion. It
should be emphasized that the double bond C(4b)—C(4c) bridging two four-membered
rings in 35 is the shortest and the most localized one, which is in accordance with its
highest average s-character of 41% and a high -bond order (0.77). Obviously, the o- and
m-electrons act in full concert in 35 as required by the Mills—Nixon effect leading inter
alia to a decreased m-bond order in the fused bonds C(4a)—C(10b) and C(4b)—C(10a).
This has an important consequence that the antiaromaticity of the cyclobutadiene rings is
significantly smaller in 35 than in 34 as evidenced by the NICS(1) values of 3.1 ppm and
7.3 ppm, respectively. It comes as no surprise that bent [3]phenylene 35 is more stable
than its linear counterpart 34. The difference in the total molecular energy is, however,
surprisingly small, being 1.2 kcalmol™! at the MP2(fc)/6-31G*//HF/6-31G* level'¥’. It is
a result of a very subtle interplay between aromaticity and antiaromaticity mediated by
the angular strain.

In their interesting B3LYP/6-31G* study of the limiting properties of large [ N Jphenylenes
Schulman and Disch!%? have shown that the difference in stability between angular and linear
phenylenes could be quite substantial. It is found that the zig-zag angular [19]phenylenes
36 is more stable than the linear isomer 37 by 40.4 kcal mol~!, which makes 2.2 kcal mol~!
per cyclobutadiene ring.

It was found that NICS(1) values have converged for 36 and 37 systems, where
only the left halves are explicitly shown. For the zig-zag form, which has nine unique
six-membered and nine unique four-membered rings, they are (in ppm): A (—9.16), B
(—3.95), C (—=5.57), D (—5.08), E (—=5.21), F (—5.17), G (—5.18), H (—5.18), I (—5.18),
J (—5.18) for benzene fragments and (5.37);, (2.59),, (3.48)3, (3.24)4, (3.31)s, (3.29)6,
(3.30)7, (3.30)g and (3.30)9 for cyclobutadiene rings. The latter are characterized by num-
bers given in the subscript. The corresponding values for the linear form 37 read: A
(—6.90), B (—4.58), C (—4.47), D (—4.37), E (—4.36), F (—4.35), G (—4.35), H (—4.35),
1(—4.35),J (—4.35) and (9.27)1, (9.43)2, (9.80)3, (9.85)4, (9.88)s, (9.88)s, (9.89)7, (9.89)5
and (9.89)9. It appears that the fifth benzene and cyclobutadiene counted from the left
terminus achieved NICS(1) values which did not change in the middle parts of the chains.
Inspection of the data shows that the terminal ring is more aromatic in the angular zig-zag
[19]phenylenes compared to its counterpart in linear isomer 37 as evidenced by NICS(1)
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values (—9.16 vs. —6.90 ppm). Further, the cyclobutadiene rings in 37 are substantially
more antiaromatic than their counterparts in 36, whereas the overall aromaticity in both
isomers is comparable. This conclusion is corroborated by the average NICS(1) values
for the four-membered rings, which assume 3.5 ppm and 9.8 ppm in 36 and 37, respec-
tively. Somewhat surprisingly, the average NICS(1) value for benzene rings is slightly
lower in the angular zig-zag [19]phenylenes than in its linear counterpart (—5.5 ppm vs.
—4.6 ppm). In order to obtain a better insight into the energetic preference of the angular
isomers, use of the homodesmotic reactions is appropriate. Let us consider biphenylene
first'>” (equation 13).

33 + 2 ethanes = 2 o-xylenes + E(33)4 (13)

The MP2(fc)/6-31G*//HF/6-31G* model yields E (22)q = 52.2 kcalmol™!. Assuming that
the angular strain energy is approximately the same as in free cyclobutadiene E(s); =
32 kcal mol’l, one concludes that the antiaromatic destabilization of the cyclobutadiene
fragment in 33 is roughly 20 kcal mol~'. This is lower than antiaromaticity of 1 by some
18 kcal mol~!, since it was estimated in Section II. C that E(an); was 38 kcalmol~!.
This finding, taken together with the fact that biphenylene has two aromatic nuclei
against only one cyclobutadiene fragment, explains the stability of this interesting com-
pound and perseverance of its pattern in higher phenylenes. By using the corresponding
homodesmotic reactions for linear and angular phenylenes, it was shown'? that the
destabilization energies E([N]phenylene), are approximately additive, being proportional
to the E(33)q destabilization in biphenylene and the number of cyclobutadiene rings
E([N]phenylene); = (N — 1) - E(33)4. However, it should be stressed that it is a devia-
tion from the additivity, which explains the greater stability of the angular phenylenes due
to a somewhat diminished antiaromaticity of cyclobutadiene moieties and more orches-
trated behavior of o- and m-electrons. This difference becomes very large in higher
[Nlphenylenes assuming 40 kcal mol~! in the limit as illustrated by 36 and 37.

Results obtained by Maksié and coworkers'>’ and Schulman and Disch!®® show con-
vincingly that preservation of the biphenylene bonding pattern is very important for
understanding the properties of higher [N ]phenylenes. To reiterate, the underlying reason
is that the o- and m-electrons act in a cooperative way in producing a characteristic bond
fixation, which in turn decreases the antiaromatic character of the cyclobutadiene rings.
Hence, cyclobutadiene moiety appears to be the leading structural and electronic motif,
which exerts a dominant influence on the electronic interactions and electronic density
distributions in [N]phenylenes'>’. This feature explains a surprising finding that angular
[N]phenylenes are more stable than the linear ones, in spite of the fact that they are more
localized at the same time. They are simply better fitted to diminish the antiaromatic
destabilization and to insure a concerted synaction of the o- and m-electrons.

Everything said for angular phenylenes should hold to an even larger extent in branched
polyenes exemplified here by starphenylene 38.

Since the central benzene ring is a common part of three biphenylenes, it should be
highly localized. This is indeed the case as confirmed by X-ray measurements'’® and
MP2(fc)/6-31G* computations!?'. The bond distances of the annelated and exo bonds are
1.480 (1.520) A and 1.356 (1.335) A, respectively, where the experimental values are
given within parentheses. It appears that the MP2(fc)/6-31G* method underestimates the
length of fused bonds and overestimates the length of the exo bonds. Hence, the bond
localization index L(d) for the central benzene moiety is 0.37 and 0.55 obtained by the
MP2 and X-ray methods, respectively. Whereas the theoretical value is rather low, the
experimental structure shows that the -electron localization pattern in the central ring is
of the frozen cyclohexatriene type, which is comparable to that found earlier in 23. It is
interesting to mention that an extended starphenylene structure—the hexasilylated trigonal
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1.356

(38)

[7]phenylene—was prepared and its crystal structure was determined by Vollhardt and
coworkers'”®. The central benzene ring exhibits the same almost ideal cyclohexatriene
distribution of the double and essentially single bonds of the sp*>—sp’ canonical type as
evidenced by the L.(d) value 0.55 obtained by the experimental bond distances.

It is finally worth noting that biphenylene is not only a building block of higher
phenylenes and heliphenes, but also a structural unit in constructing dimers'3% 8! which
in turn may lead to high-carbon materials exhibiting a number of outstanding properties.
To summarize the field of [4]annuleno[6]annulenes in one sentence, it can be safely stated
that phenylenes, biphenylene analogues!®? and related compounds represent a very rich
field, which promises many fruitful harvests in the future.

As a final general comment, it should be emphasized that fusion of cyclobutadiene moi-
ety into an aromatic 7 -system leads to a number of changes in the geometric and electronic
structure of aromatic nuclei, which are sometimes dramatic. The cyclobutadiene fragment
itself exhibits a full range of decreased antiaromaticities culminating in a strongly pro-
nounced aromaticity in benzodicyclobutadiene 28. It is less familiar that cyclobutadiene
has an amazing ability to change properties of compounds by fusion which are not nec-
essarily aromatic. This is exemplified here by bicyclo[6.2.0]decapentaene 39 (Figure 7),
obtained by annelation of cyclobutadiene to cyclooctatetraene.

The resulting structure is planar as evidenced by X-ray analysis!®3 and B3LYP/6-31G*
calculation'®*. Tt appears that the tub structure of a free cyclooctatetraene possessing

1.432
¢! 433) —19.5 ppm
1.336 1374
(. 353) (1 374)
1.403 1.415
1398 _O (1.436) 062
1 446 1.535
(1.431) (1.550)
(39) (39a)

FIGURE 7. Comparison of bond distances in bicyclo[6.2.0]decapentaene 39 obtained by X-ray
(B3LYP/6-31G*) methods and Lowdin 7-bond orders presented together with NICS(1) values (39a)
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antiaromatic 87 electrons is converted into a planar structure due to the newly formed
aromatic 10m-electron frame. Although the distribution of CC bonds over the perimeter
exhibits a significant localization and concomitant anisotropy in bond distances and
m-bond orders, this system illustrates rather nicely the importance of the concepts of
antiaromaticity and aromaticity and the wealth of new features obtained by their inter-
play. It is remarkable indeed that the annelated bond has rw-bond order as low as 0.1,
which in turn is in harmony with enormous aromatization of the cyclobutadiene fragment
evidenced by NICS(1) = —19.5 ppm as calculated by the GIAO HF/6-31G*//B3LYP/6-
31G* level (Figure 7)'84. The planar eight-membered ring is nonaromatic in contrast to
antiaromaticity of free cyclooctatetraene in its planar transition state structure.

2. The spatial and electronic structure of [4]Jannuleno[4]annulenes

a. Butalenes: Aromatic or antiaromatic—That is not a question!. Butalenes represent a
very interesting family of fused two or more cyclobutadiene rings. We consider here only
the three smallest members 40, 41 and 42. It should be mentioned that single resonance
structures are given only for each member of the series for the sake of simplicity. Butalene
(40) was mentioned first as a possible stable species by Roberts, Streitwieser and Regan in
1952185 on the basis of Hiickel calculations, which gave a delocalization energy of 1.668.
Since the resonance integral is a negative B quantity, they surmised that 40 is aromatic
and that it might be prone to chemical synthesis. It was not prepared as yet, but Breslow
and coworkers'3® 187 reported trapping experiments which suggested that 40 might exist
as a transient intermediate.

1 2
T T < )
4 3
(40) 41 42) 43)

The stability of butalene has been the subject of numerous studies. The barrier to ring
opening leading from 40 to its ‘valence isomer’ p-benzyne diradical (43) was estimated by
several ab initio studies, albeit on relatively low theoretical levels'®8-190 Thus, Noell and
Newton!3® performed generalized valence bond (GVB) calculation based on the 4-31G
basis set and calculated that p-benzyne is more stable than 40 by some 77 kcalmol~!.
They used only a very limited geometry optimization. Thus their result should be con-
sidered as qualitative at best. Nicolaides and Borden'® carried out complete HF/6-31G*
geometry optimizations followed by single-point two-configuration SCF calculations and
found that 40 was higher in energy by 60.7 kcalmol™! than p-benzyne 43. A more
sophisticated QCISD(T) calculation lowered this difference to 37.0 kcal mol~!. Finally,
Ohta and Shima!*° reported GVB calculations with the 4-31G basis set, which put 40
71.3 kcalmol~! above 43 with an early transition state of only 1.6 kcalmol™! in the
C(1)—C(4) bond-stretching transformation from 40 to 43. However, the barrier height is
unreliable at this level of theory, since it requires a multireference coupled cluster treat-
ment in order to obtain a reliable value. Warner and Jones'®! applied B3LYP/6-311 +
G*//B3LYP/6-31G* calculations and obtained a difference in stability between 40 and 43
of about 39 kcal mol~'. They concluded that DFT methods were not able to adequately
treat diradical structures like 43 and used the experimental enthalpy of formation for the
latter. They estimated the barrier height for the ring-opening reaction yielding 43 and
obtained a very low hurdle of about 3 kcalmol~! by the CCSD(T)/6-31G**//B3LYP/6-
31G* method. One is tempted to conclude that such a barrier is too small to ensure
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the existence of butalene 40. Finally, Hess!°? executed B3LYP/cc-pVTZ calculations and
scanned the potential energy hypersurface along the intrinsic reaction path with the result
that the TS is higher by 6 kcalmol™' than butalene 40 and about 43 kcalmol~' above
diradical 43, implying that the latter is more stable than butalene by 37 kcalmol~!. All
calculations are consistent with the conclusion that butalene is considerably more unstable
than its diradical isomer 43. This finding coupled with a low barrier of about 3 kcal mol~!
casts serious doubts that 40 is amenable to chemical synthesis.

Calculated geometries of butalenes 40—42 are interesting. The progenitor of the series,
molecule 40, is planar with a very long central C(1)—C(4) bond (1.592 A), which reflects
a tendency of two four-membered rings to alleviate antiaromaticity!®!. In contrast, higher
butalenes 41 and 42 are nonplanar, assuming tub structures (Figure 8), which is a conse-
quence of a strong antiaromatic destabilization.

Warner and Jones'®! reckoned that stability of butalenes would be best described by
isodesmic reactions, which could describe the energetic cost/benefit ratio by introducing
a double bond at a previously saturated position. For example, an isodesmic reaction!%?,
which matches the formal single and double bonds in reactants and products and relates
cyclobutadiene 1 with cyclobutene, is equation 14

1 + ethane = cyclobutene + ethylene + E (an)l” (14)

where E(an); denotes the antiaromaticity of 1. The B3LYP/6-311 + G**//B3LYP-
/6-31G* calculation gives E(an)1” =33.1 kecalmol™' !, which is comparable with our
estimate E(an); = 38 kcal mol~! obtained by the homodesmotic reaction given in equa-
tion 1. The latter should be considered, of course, as a better estimate. To put it another
way, E (an)l,, is the price to be paid for the introduction of an additional double bond in
cyclobutene, which leads to antiaromatic cyclobutadiene in equation 14. One can discuss
antiaromaticity of 40, 41 and 42 in an analogous way by using ancillary compounds

44-46.
[ 11 11 TEIn]

(44) (45) (46)

It is plausible to assume that 44 has antiaromaticity close to zero. Therefore, the
isodesmic reaction in equation 15

40 + ethane = 44 + ethylene + E (an)4 (15)

(40) (41) (42)

FIGURE 8. Characteristic B3LYP/6-31G* CC bond distances'®! in planar 40 and tub structures 41
and 42
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will give some idea about antiaromatic destabilization of butalene 40. It appears that
E (an)40” is 32.5 kcalmol~!, thus being just slightly smaller than the antiaromaticity of
cyclobutadiene (equation 14). However, it should be noted that the corresponding strain
in 40 is not exactly matched by the corresponding strain energy in 44. The point is that the
carbon atoms of the annelated central bond in 40 are more deformed owing to the presence
of double bonds C(1)—C(6) and C(4)—C(5). Consequently, true antiaromaticity is lower
than E (an)40”. It is therefore fair to state that antiaromaticity of 40 is definitely lower than
that in the parent cyclobutadiene. It is interesting to compare this result with the Hiickel
calculation of the resonance energy per electron (REPE) of Hess and Schaad!®*. They find
that REPE for 1 and 40 is —0.268 and —0.067 (in B units), respectively, meaning that
the latter molecule is less antiaromatic indeed. Further, an isodesmic reaction relating 41
and 45 takes the form of equation 16

41 + ethane = 45 + ethylene + E (an)g; (16)

If it is tacitly assumed that antiaromaticities of 40 and 45 are practically the same,
then E(an)41” = 8.6 kcal mol~! indicates that bicyclobutadienylene 41 is somewhat more
antiaromatic than butalene 40. This is again in qualitative accord with REPE of 41, which
assumes a value of —0.079;3194. Finally, isodesmic reaction 17

42 + ethane = 46 + ethylene + E(an)g; (17

yields E (an)gz = 16.3 kecalmol ™', implying that 42 is more antiaromatic than 41. This
is once more in agreement with REPE(42) = —0.1228'%*. On the basis of B3LYP'!
and Hiickel calculations of REPE' it is safe to conclude that butalenes 40-42 are
antiaromatic systems. The antiaromatic destabilization increases along the series leading
to severe nonplanarities in 41 and 42. It would be advantageous to replace isodesmic
equations 14—17 with more realistic homodesmotic reactions offering better estimates of
the destabilization energies.

It is interesting to note as a final comment that Liebman and Van Vechten'®> compared
the stability of the series of annelated four-membered rings commencing with cyclobu-
tadiene and butalene, with that of polyacenes starting with benzene and naphthalene. In
doing so Liebman and Van Vechten'®’ derived first energies for =CH,, =CH—and =C <
fragments using ethylene, benzene and graphite as reference systems. It was found that
butalenes were less stable than the corresponding polyacenes.

lll. CYCLOBUTADIENE IN EXCITED STATE
A. Aromaticity of the First Triplet State

The excited states of cyclobutadiene and its derivatives produced by fusion to aromatics
are a large topic, which lies outside the scope of the present chapter. However, the low-
est triplet state of the square transition structure of cyclobutadiene is important, since it
exhibits aromaticity, which bears some relevance to the reactivity of this remarkable com-
pound. It was shown by Borden and Davidson'®® that the Dy, structure of cyclobutadiene
represents a minimum on the triplet potential energy hypersurface. At the same time, the
Dy, structure is TS for the double-bond flipping interconversion of two equivalent Dy,
minima on the singlet potential energy hypersurface (Section II.A). The single—triplet (S-
T) splitting in the square transition state (TS) structure is low (Figure 2), thus being also
a characteristic signature of antiaromaticity. The state-universal multireference coupled-
cluster calculation at the two-determinant CCSD(T) level gives 6.6 kcalmol~! for (S-T)
splitting®’. A more recent CCSD(T)/cc-pVDZ//B3LYP/6-311+G(d,p) study has shown
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that the (S-T) splitting for the square geometry was 11.5 kcal mol~! 7, which was in very
good agreement with flash photolysis measurements performed on peralkylated cyclobu-
tadiene by Wirz and coworkers!®®. Importantly, the first triplet state (*Aj,) in the Dy,
spatial symmetry of cyclobutadiene is aromatic, which is reflected in equal bond distances
and a NICS(1) value of —5.3 ppm!’. This is in accordance with earlier semiempirical
results of Baird'®®, who concluded that the rules of aromaticity and antiaromaticity are
reversed in the lowest triplet states of annulenes. He suggested that the aromatic stabi-
lization energy (ASE) of the lowest triplet state should be determined against the lowest
triplet state of the open-chain polyene involving the same number of carbon atoms. By
using this criterion and the homodesmotic reaction 18

%
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Schleyer and coworkers'”’ found that the aromatic stabilization E(1T)sg is —7.0 kcal
mol~!. A small singlet—triplet splitting between the first singlet and triplet states and a low
interconversion barrier may well have a strong influence on the reactivity of cyclobutadi-
ene. It was argued by Shaik and coworkers?® that a very reactive molecule possesses low-
lying excited states with spin-unpaired electrons, which are capable of forming new cou-
pled pairs and additional covalent bonds. Triplet states of a conjugated molecule prepare
the molecule to react with another molecule in its triplet state, e.g. in cyclodimerization
or cycloaddition reactions®”’, which are characteristic for cyclobutadiene. Consequently,
Shaik and Shurki?® concluded that a high reactivity of cyclobutadiene is a consequence
of a kinetic instability associated with the existence of a low-lying triplet state. This
plausible hypothesis deserves close scrutiny by high level post-Hartree—Fock methods.

IV. CYCLOBUTADIENE DICATIONS AND DIANIONS

In contrast to cyclobutadiene, its dication (47), possessing two w-electrons, and dianion
(48), with six m-electrons, should be aromatic according to the Hiickel rule. At the same
time, considerable charge—charge repulsion arising from the dispersion of two positive
(negative) charges over only four carbon centers is expected to diminish the stabilizing
electronic features of the Hiickeloid system.

H H H H

H H H H
47) (48)

Both ions 47 and 48 have been the subject of many theoretical studies, because
they represent two paradigmatic cases of the electron-depleted and electron-rich mono-
cycles, respectively. The most important, in chronological order, are those of Pittman
and coworkers?®!, Schleyer and colleagues®”?, Hess, Ewig and Schaad®®?, Skancke and
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Agranat?®, Minkin and colleagues®”, Zandwijk and coworkers?®® and Sommerfeld®"’.
The most recent publication of Schleyer’®?¢ offers a summary of the previous studies,
which indicate that the parent dication is aromatic, but the parent dianion is non- or antiaro-
matic. Neither 47 nor 48 is observed experimentally in free forms. Moreover, 48 seems

to be unstable toward electron loss according to B3LYP/6-3114+G(d) calculations?%¢,

A. Structural Features of Cyclobutadiene Dication and its Derivatives

It is generally accepted by now that dication 47 is not a planar molecule with Dy,
symmetry (47a) as might be expected for an aromatic species, but rather a nonplanar D,y
structure (47b)?0%*202d_ The geometric parameters of structures 47a and 47b calculated at
the MP4/6-31G* level of theory are shown below for the sake of illustration®®.

w7
0
(47a), D, (47b), D,
deo=1.44T7A doc=1425A
dey=1.097 A dey = 1.099 A
0=1349°

The sizable puckering of the ring of 45.1° in 47b is a result of the cooperative effect of
favorable 1,3-homoallylic interactions and stabilization of several MOs upon a decrease in
symmetry on going from Dy, to Dy, structure???292d The latter are shown in Figure 9.

The major stabilization occurs in the 3e,, 2b,, and 2a;, MOs. The last one is formed
predominantly by 2s(C) atomic orbitals and its orbital energy is lowered primarily through
enhanced overlapping in 47b, because its C(1)—C(2) and C(1)—C(3) distances are short-
ened by 0.02 and 0.09 A, respectively, as obtained by the HF/6-31G* calculations?*?, A
different situation is found in the 2 b, and 3 e, MOs, where, e.g., the CH bond back lobes
point toward each other (1,3-interaction) inside the ring in the former orbital (Figure 9).
In the 2b,, MO, two nodal planes bisect the next to nearest-neighbor CC bonds, result-
ing in a depleted electron density in the center of the ring. Puckering of the ring shifts
these local hybrid AOs out of the initial molecular plane leading to a positive 1,3-electron
density interference with concomitant pairwise stabilization. It is interesting to notice that
the resulting stabilization is so large that the 2 b, (D,;) MO energy becomes practically
degenerate with the 3 a; in the puckered structure at least within the RHF/STO-3G method
(Figure 9). The pair of degenerate 3 e, MOs are strongly 1,3-antibonding. Thus, puckering
decreases the unfavorable interaction by tilting the AOs, leading to a reduced overlapping.
It should be strongly emphasized that not all features are advantageous in D,; symmetry
(47b). For instance, the / b;; MO composed of the tangential 2p(C) AOs represents a typ-
ical Walsh MO involving 1,2-bonding and 1,3-antibonding interactions as evidenced by
positive and negative overlapping, respectively. Its orbital energy is somewhat increased
in Dy, conformation. Furthermore, puckering leads to a loss in delocalization energy and
an increase in the angular strain energy. It turns out, however, that pyramidalization in the
puckered form leads to an overall stabilization, which is a result of a subtle interplay of
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FIGURE 9. Comparison of orbital energies in 47a (D.;,) and 47b (D,,) structures for cyclobutadiene
dication calculated by the RHF/STO-3G method. Schematic representation of the 1by,, 2b, and just
one of the two 3¢, molecular orbitals of Dy, structure are also included

several effects. It appears that 47b is more stable than 47a by 9.6 kcal mol~!, as obtained
by MP4/6-31G(d)//HF/6-31G(d) calculation??®. The former is, however, above neutral
cyclobutadiene 1 by 514 kcal mol™!, as estimated at the same theoretical level.

In spite of appreciable puckering, dication 47b is an aromatic species according to
NICS(0) value of —9.0 ppm calculated by using the GIAO method with the HF/6-31G(d)
model at the B3LYP/6-31G(d) optimized geometry’*?!. Likewise 47, its tetramethyl-
(49), tetra-t-butyl- (50) and tetrafluoro- (51) derivatives (Figure 10) were also found to
be aromatic?0?4,

(49), Dyy (50), G, (81), Dy,

FIGURE 10. Calculated geometric parameters for dications 492929, 502920 and 512%% at the B3LYP/
6-31G* level
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The minimum energy structures of 49 and 50 strongly resemble the structure of the
parent dication, while for tetrafluorocyclobutadiene dication (at the STO-3G level) the
planar structure was reported??¢. We note in passing that the Dy, structure of the latter
molecule was also found to be energy minimum at the B3LYP/6-31G* level of theory?®.

We have recently addressed a problem of aromaticity of cyclobutadiene dications
annelated to an aromatic ring, 52—54. The MP2/6-31G* optimized structures?” and the
NICS(1) values for the four-membered ring in these dications are summarized in Table 8.
Comparison of the calculated structures with those of the neutral molecules reveals a less
pronounced localization of the double bonds within the four-membered ring than in the
neutral molecule. This effect appears to be most pronounced for naphtha[b]cyclobutadiene
dication 53 (Table 8). The calculated NICS(1) values indicate that all considered ions are
aromatic. In particular, the cyclobutadiene fragment exhibits a high aromaticity ranging
from —10.6 to —14.7 ppm.

The aromaticity of substituted cyclobutadiene dications has also been challenged exper-
imentally. Thus, preparation of a series of the substituted cyclobutadiene dications under
superacidic stable-ion conditions was reported by Olah and Liang?!?. They include tetra
methyl- (49), tetraphenyl- (55), 1,2-difluoro-3,4-diphenyl- (56) and 1,2-diphenylcyclobut-
adiene (57) dications.

Olah and Liang also described preparation of dimethyl benzocyclobutadiene dication
(52a)?!!. Based on a comparison of '*C NMR chemical shifts with those of the previously
mentioned cyclobutadiene dications 49, 55, 57, these researchers concluded that ion 52a
is aromatic, being thus in agreement with our theoretical predictions’®. This work was
soon followed by NMR studies of dibenzocyclobutadiene dications 58—612!2. In contrast,
only UV-Vis data are known?!3 for the parent biphenylene dication (62).

TABLE 8. Selected bond lengths (in A), NICS(1) values and '3C NMR chemical shifts of
dications 52-54%

Dication Bond Distance ¢ NICS(1)® Atom s3ce
a4 a 1.501 —115 C, 176.36
; b 1.424 Cy 210.97

, c 1.453

(52)

o« g a 1.513 —14.7 C, 158.34
. b 1.408 Cs 196.58

. c 1.464

(53)

a 1.490 —10.6 C, 171.00
b 1.437 Cy 179.27
v’ 1.438 Cp 195.62
c 1.427 Cyp 185.24

¢ Calculated at the MP2/6-31G* level.

b GIAO-B3LYP/6-31+G*//MP2/6-31G*; the NICS(1) value was calculated at 1 A above the center of the
four-membered ring.

¢ GIAO-B3LYP/6-31+G*//MP2/6-31G*.
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B. Electronic Structure of Pyramidane

In connection with cyclobutadiene dication, it is also interesting to consider the elec-
tronic structure of pyramidane (tetracyclo[2.1.0.01:30%3]pentane) CsH, (63).

H H

H H
(63)

The molecule was first mentioned as a possible stable structure by Minkin and
coworkers?!4?, who performed semiempirical MINDO/3 calculations. Subsequent HF
small basis set calculations supported this conjecture, providing some important clues
for practical synthetic routes?'4?. The MP2 calculations of Balaji and Michl?'#¢ confirmed
that pyramidane was indeed a local minimum. A comprehensive study of the pyramidane
potential energy surface by Schaefer and coworkers®'*d at a high CCSD(T)/TZ2P
theoretical level has shown conclusively that pyramidane was a true minimum with
substantial barriers to isomerization. The aromatic character of pyramidane was briefly
mentioned in a theoretical paper on lithium-capped annulenes by Jemmis and Schleyer?!*
in 1982 and its potential aromatic character was briefly discussed by Lewars in a
study of the CsH, potential surface?’®. This study indicated that 63 has exceptionally
long apex-to-base bonds (1.642 A at the MP2/6-31G* level), with a total Lowdin bond
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Z

FIGURE 11. Schematic representation of the electronic structure of 63. Reproduced by permission
of Elsevier B.V. from Reference 215

order appreciably less than one (0.79). The peculiar electronic distribution was further
substantiated by the natural bond orbital (NBO) analysis, which revealed that the apical
carbon possesses six valence electrons, including a lone pair (1.998 electrons) placed
largely in a 2s (82% s, 18% p) orbital. In other words, these results suggest that the
electronic structure of pyramidane can be approximated as an unhybridized C>~ unit
bonded to an aromatically stabilized cyclobutadiene dication (Figure 11).

The resulting representation shows that the three 2p orbitals on the apical carbon dian-
ion occupied by four electrons overlap with the w-system of the cyclobutadiene dication
possessing two electrons, thus forming four CC bonds. Each of these four CC bonds has
6/4 = 1.5 electrons. Given that bond order is proportional to the number of electron pairs,
it follows that the former is (1.5/2) = 0.75, which is close to the Lowdin bond order of
0.79 obtained by calculations mentioned above. However, application of the NICS criterion
by varying positions of the probe nucleus gave no evidence for aromaticity of the cyclobu-
tadiene dication-like base of pyramidane®'%, leaving the definite answer to this question to
more elaborate calculations in the future.

C. Cyclobutadiene Dianion and its Dilithium Salts

In spite of many efforts that have been directed toward studying cyclobutadiene dian-
ion (48) in the past, its nature remains elusive. The early calculations indicated that the
parent cyclobutadiene dianion should be regarded as a nonaromatic species. For example,
based on results of the HF/6-31G(d) MO calculations, Hess and coworkers?®® predicted
that 48 has bent structure of C; symmetry, where the negative charge is delocalized over
the allylic anion fragment and strongly localized at the C-4 atom. However, this highly
unusual structure was not verified to be a minimum by vibrational analysis. Subsequent
HF/6-31G* calculations supported by vibrational analysis have shown that the C; struc-
ture corresponds to a saddle point on the potential energy surface of C4H4*~ ion, while
the global minimum has a C, symmetry at least at the HF level???¢, It is interesting that
the latter structure is also a false minimum, as revealed by the B3LYP/6-31G* calcula-
tions. It turned out that the true minimum had a more symmetrical Cy;, structure 48 at
the DFT B3LYP/6-31G* level??. Ab initio and B3LYP calculated structures of tetram-
ethylcyclobutadiene dianion (64) and tetra-f-butylcyclobutadiene dianion (65) were also
reported?’?d. Within the HF/6-31G(d) formalism dianion 64 was found to have trapezoidal
structure of C, symmetry, with one long C—C bond (1.570 A), and one short (1.378 A)
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H H Me Me t-Bu Bu-¢
s, 1.496 < 1477 N 1.570
474 470 1.512
H H Me Me -Bu Bu-t

(48), Cyp (64), Cy, (65), C;

FIGURE 12. Calculated geometric parameters for dianions 48, 64, and 65 at the B3LYP/6-31G*
leve]202d

and two intermediate C—C bonds (1.473 A). The latter structure optimizes back to Cy,
symmetry at the B3LYP/6-31G* level. Interestingly, for tetra-z-butylcyclobutadiene dian-
ion (65) both methods predict the C, structure to be the most stable. The B3LYP/6-31G*
optimized structures of 48, 64 and 65 are illustrated in Figure 122024,

All these results should be taken with extreme care, since B3LYP/6-311+G(d) calcu-
lations of Schleyer and coworkers???d involving diffuse basis set functions indicate that
cyclobutadiene dianion is probably not a stable molecule. This result is corroborated by
the most recent calculations of Sommerfeld??’, which conclusively show that the parent
dianion is unstable with respect to electron loss. Instead, it is a resonance state with an
extremely short lifetime of 0.7 fs. Consequently, standard finite basis bound state methods
cannot provide a reliable description of its structure and are condemned to fail. However, a
stable system can be obtained by capping the parent ion with two lithium ions, as was first
noted by Kos and Schleyer?'’. In the resulting charge-balanced (C4H4%>7)2Li" complex,
counteraction of the two Lit cations compensates for the dianionic electron repulsion,
which leads to out-of-plane distortion of the hydrogens in the parent C4H4%~, thus allow-
ing for the aromatic stabilization of the complex. The results of early computational work
by Schleyer and coworkers?’?> and also by Zandwijk and colleagues?”® reveal indeed that
Li;—C4H, (66) possesses a stable Dy, conformation with the Li* cation on either side of
the ring above and below its center. The substitution by methyl and 7-butyl groups lowers
the symmetry of the complex to C»;, and D, symmetry, respectively, but the lithium-ring
center distances remain similar, varying within the range 2.00-2.057 A. The aromatic
properties of the dianions 48, 64 and 65 capped by two Li* cations are reflected in the
NICS(0) values (—22 to —24 ppm), which are more negative than that of benzene, and
by the calculated “Li chemical shifts which vary from —2.3 to —3.4 ppm with respect
to free Lit. Additional information on aromaticity of 66 is obtained by calculating its
aromatic stabilization energy (ASE)?!® according to charge-balanced and strain-corrected
homodesmotic reaction (equation 19).

Lit Lit
HC—|—CH HC—|—CH,
. O — S .
HC———CH HC CH

Lit

(66)

The resulting ASE of 29.2 kcal mol~! (calculated at the B3LYP/6-311+G**//B3LYP/6-
3114-G**4-ZPE level) turned out to be comparable to the benzene value (33 kcal mol~!)?1%2
obtained at the same theoretical level.
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As to the experimental studies of cyclobutadiene dianions, some evidence for the forma-
tion of the parent dianion 48 as an intermediate was obtained by Pettit and colleagues®?’.
In 1978, Garratt and Zahler used ester groups®?! to delocalize the negative charge and
succeeded in obtaining the corresponding dianion 67 as a stable species at room temper-
ature. Based on measurements of pK, they concluded that the dianion 67 did not exhibit
any aromatic stabilization. In 1982 and 1985, NMR studies of the dilithium salt of the
1,2-diphenylbenzocyclobutadiene dianion (68) and the dipotassium salt of tetraphenylcy-

clobutadiene dianion (69) were reported by Boche and coworkers??2.

CO,Me Ph Ph Ph
CO,Me Ph Ph Ph
(67) (68) (69)

None of these studies indicated a preferred cyclic delocalization with formation of a six
m-electron system. In 2000, Sekiguchi and coworkers??*2%* reported the first experimental
evidence in favor of aromaticity of a dilithium salt of tetrakis(trimethylsilyl)cyclobut-
adiene??® dianion (70) and the cis-diphenyl-substituted cyclobutadiene dianion bridged
by a [—SiMe,(CH,CH;)SiMe,—] chain (71)%%4, respectively, which were prepared by
reaction of the corresponding cyclobutadiene cobalt complexes (70a and 71a) with lithium
metal in THF.

R2.2 3 _R3 R? R3
7__ :K Li
RI™7T 1\ 4~ R4 THF [Li']; -
Co Rl R4

Tao

(70a) (R! = R? =R? = R*= SiMe3)
(71a) (R =R% =P,

R3=R* = Me,SiCH,CH,SiMe,)
(72a) (R! = R? = Ph, R® =R* = SiMe;)
(73a) (R! = R3=Ph, R =R* = SiMe3)

(70) (R! =RZ=R3=R*=SiMe3)
(71) R' =R?=Ph,

R3=R* = Me,SiCH,CH,SiMe,)
(72) (R! =R? = Ph, R? = R* = SiMe3)
(73) (R! =R? = Ph, R? = R* = SiMe3)

Based on planarity of the four-membered ring, the lack of bond alternation and con-
siderable upfield "Li chemical shifts, Sekiguchi and coworkers??>2>* concluded that both
ions should be aromatic species. More recently, the same authors reported preparation
and X-ray crystal structure of 1,2-diphenyl-3,4-bis(trimethylsilyl)cyclobutadiene dianion
dilithium (72) and 1,3-diphenyl-2,4-bis(trimethylsilyl)cyclobutadiene dianion dilithium
(73)*® from the complexes 72a and 73a, respectively. Similar to the cases of 70 and 71,
the ring geometry of the four-membered ring in these Li salts was found to be nearly pla-
nar. However, in contrast to the former species, the cyclobutadienediide ring in 72 exhibits
trapezoidal structure, whereas that of 73 shows slightly rhomboid geometry (Table 9).

Comparison of the measured "Li chemical shifts for this series (Table 9) suggests that
the degree of aromaticity of the four-membered ring in these species can be represented by
inequalities 70 (§ = —5.07) > 73(6 = —4.44) > 71 and 72 (§ = —4.21 and —4.24 ppm),
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TABLE 9. Selected bond distances (in A) and "Li NMR chemical shifts (in ppm) of dilithium salts
70_73223—225

Dilithium Bond distances? (A)

salt C(1H)—C2) C@2)-C@B) CEB3)—C@) C(1)—C4) dLi)® (A) &8Li (ppm) Reference
70 1.507(9) 1.493(4) 1.485(10)  1.496(3) 1.901(1) —=5.07 223
71 1.470(2) 1.472(2) 1.482(2) 1.466(2) 1.959(6) 421 224
72 1.462(4) 1.488(4) 1.521(4) 1.479(4) 1.928(6) —4.24 225
73 1.486(3) 1.488(3) 1.486(3) 1.488(3) 2.070(4) —4.44 225

¢ X-ray results.
b The average Li distances from the ring centroid.

indicating that stabilizing cyclic electron delocalization in the ring decreases on the intro-
duction of the benzene ring. It should be recalled in this respect that lower § implies higher
aromaticity. Finally, it is worth mentioning that 70 exhibits a negative Faraday A term in
the magnetic circular dichroism spectrum??. The latter is interpreted by excitation from
the degenerate e, orbitals to the nondegenerate b,, orbital in accordance with an earlier
theoretical proposition by Michl??’. It is interesting to mention that this is the first clear
demonstration of a negative Faraday A term in an aromatic species. A more extensive
description of the work on dilithium salts of the cyclobutadiene dianion substituted with
silyl and phenyl groups can be found in a recently published review article by Matsuo

and Sekiguchi??®.

V. SQUARIC ACID, ITS ANIONS AND RELATED COMPOUNDS

The 3,4-dioxo-cyclobutene-1,2-diol dianion, better known as the squarate dianion (74),
was first mentioned by Cohen and colleagues®®® in connection with unusually strong
acidity of the parent squaric acid (74a). These authors interpreted the high acid strength
of 74a as evidence that squarate dianion was greatly resonance-stabilized.

(0] (0] (0] (on 0 o (ON (0]
- o o} O (0) (@) (o (0]
(74)

HO OH
(0] (0]
(74a)

The delocalized structure proposed for squarate dianion led West and coworkers> to

suggest that the squarate dianion was aromatic and that oxocarbon anions of the gen-
eral formula C,0,%>~ constitute a previously unrecognized class of new aromatic species.
Experimentally, the D, symmetry?3! of 74 was first deduced by IR and Raman spec-
troscopy and later confirmed by X-ray analysis?>*>. For a comprehensive overview of
experimental and theoretical studies on 74 and other oxocarbon anions up to 1980, the
reader is referred to Reference 233.
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TABLE 10. Calculated and experimental structural parameters of squarate dianion (74)

Method Cc—C/A C—0/A Ref.
Exp. 1.469 1.259 232
MP2/6-31G* 1.493 1.269 247
MP2/6-31+G* 1.489 1.272 247
MP2/6-311+G* 1.491 1.262 247
B3LYP/6-311+G* 1.487(1.469) 1.257(1.259) 246 (233)
RHF/6-311G** 1.467 1.237 246
RHF/4-31G 1.466 1.259 241b
RHF/STO-3G 1.491 1.269 241b
MNDO 1.487 1.253 244b

Due to their unique structure, the squarate dianion, its parent system, squaric acid 74a,
as well as their derivatives have found many applications>**. They serve as coupling
reagents in the synthesis of selective antitumor agents (squaric acid diethyl ester)>,
as templates for controlling the assembly of stable, highly organized two- and three-
dimensional crystalline aggregates of interest for material sciences>>°, as electron acceptors
for nonlinear optic materials?” and photovoltaic devices®, etc.

From the theoretical point of view, the literature on squarate dianion has focused almost
exclusively on its peculiar electronic structure and spectroscopic features, with emphasis
on its aromaticity>*®~2%, With the exception of the graph theoretical treatment®*!, most
of these studies have characterized squarate dianion as an aromatic species. This has been
supported by geometric (bond length equalization, bond order indices)***~247, energetic
(aromatic stabilization energies)>**~2*® and magnetic (magnetic susceptibility exaltation,
nucleus-independent chemical shifts (NICS) and/or '"O-chemical shifts) evidence*4-246,
Specifically, the structure of dianion 74 in the gas phase was found to be planar with high
symmetry (Dgyy,) at several levels of theory, which is in agreement with a strong reso-
nance effect (vide supra) and the experimentally determined structure?32. A representative
selection of the reported structural data is given in Table 10.

Recently, Schleyer and coworkers?*, and independently Frontera, Dey4 and coworkers>*
discussed the reliability of various approaches in assessing aromaticity of monocyclic oxo-
carbon dianions C, 0, (n = 2—6). Both groups of authors claim that the use of aromatic

(0] 0] O (on
o
(0] (0] o~ (0]
(75) (76)
{ E =-66.31 kcal mol™" (20)
(0] (0]
Me
MCM + C4O42_
(0] (0]

77 (74
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stabilization energies (ASE) and exaltation of the diamagnetic susceptibility, A, as well as
anisotropy of A, for assessment of aromaticity of oxocarbon derivatives, is not reliable due
to the difficulty in finding suitable equations free from other effects. For instance, Schleyer
and coworkers?** considered three types of isodesmic reactions for evaluating ASE of 74.
The first (equation 20) involves the neutral oxocarbon C4O4 (75), the acyclic dianion 76
and polyketone 77.

The second (equation 21) employs cyclobutene with 76 and trans-hex-3-ene as refer-
ence species.

(0] (om
Me
E + Me Z = —60.82 keal mol-! C404% + trans-hex-3-ene
o 0 @D
(76) (74)

The third type (equation 22) was based on carbon monoxide and the smallest member
of oxocarbon dianions, C2022’ (78), as the reference molecules.

C4045
E=-127.8 kcal mol™! (22)

(78) (74)

C,0,> + 2CO

All three equations are exothermic, indicating that the squarate dianion is an aromatic
species. However, it was argued that none of the employed equations modelled the strain
and charge effects satisfactorily>**. This skepticism is not justified since, for instance, in
the first reaction (equation 20) all the carbons and oxygens in the cyclic neutral refer-
ence oxocarbon, C404, match those in 74. Likewise, the acyclic dianion equivalent 76
is the same as polyketone 77. Such comparison is allegedly imperfect, since the acyclic
reference molecule, 76, unlike the 74, does not distribute the charge to the oxygen atoms
in a uniform way. In our view this is exactly the reason why equation 20 is very good
in estimating the stabilization of the C40,4>~ dianion compared to the acyclic dianion
76. Namely, 74 is exceptionally stable due to the anionic resonance effect present in
cyclic C4042~, which supports the aromaticity of the cyclobutadiene ring very effec-
tively. It is interesting to note that cyclobutadiene ring possesses 2m-electrons. This
obvious conclusion follows straightforwardly from inspection of the resonance structures
of 74 (vide supra). We found the anionic resonance effect very efficient in determin-
ing the ultrahigh acidity of pentacyanocyclopentadiene®*® due to the substituent (CN
group) assisted aromaticity of the conjugate base. Consequently, we feel that the cal-
culated stabilization energy®** employing equation 20 and the B3LYP/6-3114+-G* method
of 66.3 kcalmol™! for C404> is an approximate, but good estimate. The same holds
for equation 21, which yields 60.8 kcal mol~! for ASE. The third equation (equation 22)
predicts ASE = 127.8 kcalmol~!, which is unrealistic. This is not unexpected in view
of a poor modelling involved in equation 22. The A values, calculated according to
equations 20-22, are —8.5, —10.6 and 12.5 in ppm, respectively. On the basis of good
performance for the larger set of C,0,>~ anions (n = 2—6), the first approach, resulting
in A = —8.5 ppm, was proposed to be the most reliable, implying that 74 is aromatic.
Poor performance of equation 22 is both obvious and expected.

The NICS criterion and calculated 70O NMR chemical shifts were claimed to give
satisfactory quantification of aromaticity>*>. The same should hold for the Wiberg bond
index>*°, which corresponds to the sum of the squares of the bond orders between the
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bonded atoms in question. This was ascribed to the fact that none of these parameters
requires an increment system or reference molecule for their evaluation in antiaromatic
and aromatic molecules?®.

The calculated Wiberg bond index (WBI) for carbonyl CO bond in 74 is 1.403, as com-
pared with WBI = 1.778 for acetone (both values calculated at the HF/6-3114+-G**//MP2/
6-3114+G** level), which is in accordance with considerable delocalization predicted by
calculated structural features*. Furthermore, the calculated 7O NMR chemical shift
shows a high shielding of the oxygen atom (§ = 304 ppm as compared to § = 569 ppm
in, e.g., acetone)®”. Moreover, the reported NICS values calculated at 0.6 A% (NICS
(0.6)) and 1 A** (NICS(1)) over the ring plane are only slightly lower than in benzene.
All these results are indicative of a highly pronounced aromatic character of 74. We note
in passing that it is not clear why Frontera, Dey4 and coworkers®* calculate NICS values
at the point 0.6 A above the center of the rings instead of the customary 1 A distance.

Aromaticity of the parent squaric acid (74a) and its monoanion (79) have also been
discussed?®2#®, Various criteria, including aromatic stabilization energies, magnetic sus-
ceptibility x and diamagnetic susceptibility exaltation A, Wiberg bond indices (WBIs)
and 70 NMR chemical shifts, were used for this purpose®*> 24, The resulting values are
summarized in Table 11.

HO o

79

For aromatic stabilization energies and diamagnetic susceptibility exaltations, two sets
of data referring to equations 23 and 24, respectively, are included.

HO OH
R + 2H,C=CH-OH + GHs + H,C=CH,
(0] O o o
(23)
HO OH HO OH
A - O — o O e
O O (0] (0]

TABLE 11. Computed diamagnetic susceptibility (x, ppm, cgs), diamagnetic susceptibility exal-
tation (A, ppm, cgs), aromatic stabilization energy (ASE, kcal mol~!), NICS (ppm), Wiberg bond
index (WBO) and 7O chemical shift (8, ppm, relative to water) of 74a2*>24

X A ASE NICS(0.6) WBI(CO)? B
74a —432 2.80¢ 14.89¢ -5.7 1.736 463
—2.074 —15.24

¢ Calculated at the MP2/6-311+G** level.

b Calculated at the HF/6-31+G**//MP2/6-311+G™* level.
¢ Calculated by using equation 23 (Reference 245).

4 Calculated by using equation 24 (Reference 246).
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Perusal of the results presented in Table 11 offers several interesting conclusions. First,
it appears that the ASE and the A values are strongly dependent on the type of equation
used for their evaluation. Equation 23 gives positive values, indicating that 74a is antiaro-
matic! In contrast, equation 24 gives negative values, suggesting that 74a is aromatic! It is
extremely important to realize that adequate modelling of products and educts in isodesmic
(homodesmotic) reactions is conditio sine qua non for obtaining reliable ASE values and
some other characteristic properties like, e.g., A. Equation 23 is an example par excellence
for unsatisfactory modelling. We shall substantiate this assertion by analogous isodesmic
reaction used by Frontera, Dey4 and coworkers?®> in considering aromaticity of C4042~
dianion (equation 25).

_ 2 _
A + 2 EtO 114 keal mol! C40y4 + CHy + H,C=CH, 25)
o (6]

The aromatic stabilization of squarate dianion C404%~ obtained by equation 25 is
11.4 kcal mol~!, thus being grossly underestimated compared to 66.3 and 60.8 kcal mol ™!
values obtained by Schleyer and coworkers?** employing much more realistic isodesmic
equations 20 and 21. In spite of that, Frontera, Deyd and coworkers®* conclude: ‘We
consider that oxocarbon derivatives are examples where the use of ASE as a criterion of
aromaticity is not applicable due to the difficulty in finding equations free from other influ-
ences’. This statement is dubious and therefore it is necessary to put forward on important
caveat emptor: isodesmic reactions might give misleading results unless great care is exer-
cised in their design. A molecule under scrutiny is one of the reactants. Its characteristic
intrinsic property is ‘measured’ against a suitably selected reference molecule, which is
one of the products. The rest of the educts and products should be chosen in such a way
that stoichiometry is satisfied and that a ‘noise’ of other effects is kept at a minimum. In
other words, we should not introduce any unnecessary complications in accordance with
Occam’s razor criterion. One should bear in mind that a system of isodesmic reactions
defines a scale for a particular property under study. The quality of this scale depends on a
skill of modelling. We would like to point out that better matching of educts and products
leading to minimization of undesirable side effects can be obtained by the ‘isomerization
method’ of Schleyer and Puhlhofer?'* or by various homodesmotic, hyperhomodesmotic
and homomolecular homodesmotic reactions?!®®. As an example of appropriate modelling
of the aromatic stabilization in squaric acid, one should mention equation 24.

Let us return to the magnetic properties presented in Table 11. The NICS(0.6) is neg-
ative, but considerably smaller than that of benzene, thus indicating perhaps a moderate
aromatic character of 74a. To be more specific, since NICS(0.6) is about 50% of the
corresponding value in benzene, one concludes that aromaticity of squaric acid is by
50% lower too. This is in qualitative agreement with ASE = —15.2 kcalmol~! obtained
by equation 24. The computed 'O NMR chemical shift corresponding to the carbonyl
oxygen atom of 74a is § = 463 ppm, which is lower by 106 ppm than the corresponding
value in acetone (§ = 569 ppm). Similarly, the calculated Wiberg bond index for the car-
bonyl bond in 74a is 1.736, which is by 0.042 lower than for carbonyl group in acetone
(1.776) calculated at the same level of theory?*>. All these values are consistent with some
aromaticity of squaric acid, but one is tempted to conclude that the magnetic properties
and WBIs provide more qualitative than quantitative information about aromaticity and
antiaromaticity.

For monoanion 79, only results of geometry optimization are reported”*® and they
clearly show that the C—C bonds within the four-membered ring have less pronounced
single or double bond character than the corresponding bonds in the parent acid. In
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addition, the C=C and C=0 double bonds in 79 are calculated to be longer by ca
0.015 A and ca 0.05 A, respectively, than the corresponding bonds in 75. Both features
suggest more pronounced m-electron delocalization than in the 74a%46.

Considerable attention has been paid to aromaticity of squaric acid derivatives 80—8
in which oxygen atoms are partially or completely replaced by sulfur and selenium.

6250

80)X=0;Y =S
81)X=S;Y=0

HY YH
82)X=Y=S
83) X=Se;Y=0
X X 84) X=Se;Y =S

85 X=S;Y =Se
(86) X=Y =Se

Aromaticity of these compounds was probed by analysis of the optimized geometries
and calculated aromatic destabilization energies, as well as by examining the diamagnetic
susceptibility exaltations. As in the case of squaric acid, the ASE values were evaluated
using the isodesmic approach employing equation 26.

HY YH HY YH

- o — « Oeo
X X X X

It appears that replacement of either carbonyl or hydroxyl oxygen by sulfur and selenium
leads to changes in the ASEs and A values, which indicate that these compounds might
be somewhat more aromatic than the squaric acid.

Zhou and coworkers>>° have also reported geometries (optimized at the HF and B3LYP
level using various basis sets) of the corresponding mono- and dianions of compounds
80-86. The calculated structures reveal that in both types of ions C—C and C—X bonds
have no clear single or double bond character, suggesting that z-electron delocalization
in these anions is stronger than in their parent acids, as expected intuitively. Based on the
calculated deprotonation energies of 80-86, the respective mono- and dianions were also
predicted to be somewhat more aromatic than the mono- and dianion of the squaric acid>°.

More recently, aromaticity of squaramide 87 and a number of its complexes with anions
and cations (88—97) was discussed by Frontera, Dey4 and coworkers®!.

It is interesting to mention that the main impetus for undertaking this study was due to
the authors’ interest in the mechanism of host—guest complexation between squaramido-
based receptors and a variety of biologically relevant compounds, including quater-
nary ammonium cations>2, choline containing phospholipides®* and carboxylates>**. The
squaramide base receptors are particularly interesting in this regard due to the unique prop-
erty of being both good hydrogen bond acceptors (due to the presence of carbonyl groups)
and good hydrogen bond donors (due to the presence of the amino groups). The studied
model compounds are shown below, while their NICS values, used as the main criterion
for evaluating aromaticity, are summarized in Table 12, along with the corresponding
NICS values for the squaric acid and benzene. The NICS values were calculated at the ring
centers and at 0.6 A above the ring centers, applying the HF/6-3114+G**//MP2/6-3114+G**
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TABLE 12. Nucleus-independent chemical shifts (NICS, ppm) computed at the geometrical
centers (NICS(0), ppm) and 0.6 A above them (NICS(0.6), ppm) of 87-97 calculated at the
GIAO-MP2/6-314+G*//MP2/6311+G** level of theory>

Compound NICS(0) NICS(0.6) Compound NICS(0) NICS(0.6)
87 -1.9 —6.2 93 —4.2 —-7.4
88 -5.0 -7.8 94 -37 7.2
89 —42 7.7 95 -35 -7.2
90 —5.4 —-8.2 926 -38 —-7.4
91 —4.2 7.7 97 —6.6 —-8.7
92 —4.2 —7.4 benzene —-7.9 —10.1

and MP2/6-3114-G**//MP2/6-3114+G** models. Both methods predict a qualitatively simi-
lar trend of changes in NICS values, therefore only the latter results are shown in Table 12.

Two important conclusions emerged from this work. First, squaramide was found to be
only slightly more aromatic than the squaric acid>°. Second, complexation (via hydrogen
bonding interactions) with both anions and cations leads to enhancement of aromatic-
ity. In particular, the 1:1:1 complex between squaramide, ammonium cation and formate
anion was found to be more aromatic than any of the other squaramide—cation (anion)
complexes. The increase in aromaticity on passing from the parent molecule to the com-
plexes was also corroborated by the progressive equalization of the bond lengths within
the four-membered ring. These results led the authors to conclude that the remarkable
hydrogen bond acceptor and hydrogen bond donor capacities of squaramide might be due
to the gain in aromaticity in the squaramide ring upon complexation. It is also noteworthy
that a similar trend was observed upon diprotonation of the squaric acid (74a) and di-O-
methylated squarate (98) leading to 99 and 100, respectively, as for their complexes with
NH,* (101 and 102) (Figure 13)>*. It is interesting to mention that dimethylsquarate
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FIGURE 13. MP2/6-311+G* optimized structures and the NICS(0.6) values of squaric acid (74a)
and dimethylsquarate (98), their di-O-protonated derivatives (99 and 100) and their complexes with
ammonium cation (101 and 102). Bond distances are given in A and NICS(1) values in ppm. The
latter are written within the rings>*’

(98) is found to be somewhat more aromatic than the squaric acid, as indicated by the
computed NICS(0.6), 7O NMR chemical shifts and Wiberg bond index for the carbonyl
group of —7.8 ppm, 468 ppm and 1.720, respectively?®. It should be noted that struc-
tures 99 and 100 could also be considered as the tetrahydroxy and dimethoxy-dihydroxy
cyclobutadiene dication, respectively>>*.

The evidence for the aromatic character of diprotonated squaric acid 99 was also
provided by a subsequent NMR study and ab initio/IGLO calculated '*C NMR chemi-
cal shifts®,

Aromaticity of bisquaric acid (103) was briefly discussed by Dalal and coworkers>>®,
Bisquaric acid is an extremely strong Bronsted acid and at room temperature exists as a
hydrogen bonded solid 104>,

Based on the comparison of the B3LYP/6-31G* optimized geometries of the bisquaric
acid (Table 13) with the parent squaric acid (Figure 13), the authors concluded that the
former acid is less aromatic. This is what one would expect intuitively due to the absence
of one of the O=C—C=0—OH chains in the bisquaric acid. In dianion 105, however,
the optimized bond distances C(1)—0(1), C(3)=0(3), C(1)=C(4) and C(3)—C(4) cannot
be characterized as pure single and double bonds, thus indicating a strongly reinforced
resonance along the O(3)=C(3)—C(4)=C(1)—O(1)—H chain (Table 13). Specifically, the
C(3)=0(3) and C(1)=0(1) bond distances change from 1.204 A and 1.315 A in 103 to
1.234 A in 105, whereas the C(1)=C(4) and C(3)—C(4) bonds change from 1.382 A and
1.507 A calculated for 103 to 1.467 A in 105.
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H,;
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T
O, O3
H
(103)
H._ H_
0 0 0 0
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0 0
0 0
H/O O <
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0 o
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Finally, it is interesting to mention that Jiao and Wu?® recently published a theoretical

investigation on the structure and stability of two diannelated oxocarbons (106 and 107)
containing a central cyclobutadiene ring. Their B3LYP/6-311+G* optimized structures are
illustrated in Figure 14. In both cases the minimum energy structure exhibited nonplanar
geometry (designated by letter a), while the planar structure (designated by letter b) was
found to be a high-order saddle point on the potential energy surface. Based on calculated
NICS(1) values (6.5 and 7.6 ppm for 106 and 107), the energy minimum structures of
both species were predicted to be weakly antiaromatic.
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TABLE 13. Comparison of the B3LYP/6-31G* calcu-
lated bond distances (A) of 103 and 105%° with X-ray

data

Bond distances * 103 105 X-ray?
C(1H—C2) 1.505 1.534 1.520
C(2)—-C@3) 1.567 1.534 1.520
C(3)—C4) 1.507 1.467 1.428
C(1)-C#4) 1.382 1.467 1.428
C4)—C#) 1.422 1.425 1.435
C(1)—0(1) 1.315 1.234 1.244
C(2)—-0(2) 1.204 1.228 1.198
C(3)—-0(3) 1.202 1.234 1.244
O(1)-H 0.973

¢ Numbering of atoms is shown in structure 103.
b Reference 256.

(106a) (106a”) (106b)

149.0°

©10 202 G 6 @

(107a) (107a%) (107b)

FIGURE 14. B3LYP/6-311+G* optimized structures of the nonplanar (a) and planar (b) forms
of diannelated oxocarbons 106 and 107. The critical dihedral angles in the nonplanar forms are
indicated in structures 106a’ and 107a’. Reprinted with permission from Reference 258. Copyright
(2003) American Chemical Society

VI. SIGMA-ANTIAROMATICITY OF MOLECULES INVOLVING SATURATED
FOUR-MEMBERED RING(S)

A question arises whether Hiickel’s (4n + 2)7 and 4nm rules hold for the o-electrons in
saturated systems. It seems that the answer to the posed question is positive, as discussed
by several authors®®2%0, The story begins with a seminal Dewar’s paper on the cyclic
delocalization of six hybrid orbitals describing covalent bonding in cyclopropane®®!. Tt
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stems from the fact that two geminal hybrid AOs placed on the same carbon atom have
larger resonance integral than two nearest-neighbor 7-AOs in the 7-systems. According to
Dewar, cyclopropane and benzene are isoconjugate systems. A very interesting discussion
of the role of radial (hybrid AOs) and tangential (2p) orbitals in cyclopropane and larger
carbocyclic rings was given by Cremer and Kraka?%2-264, It turned out that radial hybrid
AOs led to a surface delocalization, whereas tangential AOs exhibited a m-type ribbon
delocalization. Surface delocalization leads to a substantial increase in the electron density
in the center of the ring and it is a strongly stabilizing factor. Analysis of Kraka and Cremer
reveals?®* that six delocalized o-electrons in cyclopropane are clearly delineated in two
groups. The first is embodied by two electrons yielding a Hiickel-aromatic o-surface
delocalization. The second class is formed by 4 electrons placed in a Mobius-aromatic
system employing tangential AOs, thus leading to ribbon delocalization. The results of
Dewar, Cremer, Kraka as well as more recent calculations of Exner and Schleyer265
strongly suggest that cyclopropane is a o -aromatic system. This conclusion is supported by
large diamagnetic susceptibility and its anisotropy>®, upfield "H NMR chemical shifts*®’
and a negative NICS value calculated above the cyclopropane ring®®.

If six o-electrons in a cyclopropane ring are aromatic, then it is plausible to expect that
eight o-electrons in cyclobutane (13) should exhibit antiaromaticity. This is indeed the
case, as shown by the NICS values calculated by Exner and Schleyer?®®. For this purpose,
NICS quantities are partitioned into o- and m-components employing Kutzelnigg’s indi-
vidual gauge for the localized orbitals (IGLO) method?®® and localized molecular orbitals
obtained by the Pipek and Mezey?® procedure. Final calculations were performed by
using the IGLO-IIT TZ2P basis set available in the DeMon program?’°. It turns out that
the NICS(CC)° value computed at the cyclobutane center is positive and large, being
15.2 ppm. This is in accordance with depletion of the electron density in the central
region of the ring due to 1,3-antibonding interaction of degenerate e, MOs?%*. Hence, it
can be safely concluded that the CC o-frame in cyclobutane is antiaromatic. This is cor-
roborated by abnormally low magnetic susceptibility in 132 and a magnetic deshielding
reflected in *C and 'H chemical shifts?’. A highly symmetric (O;) cubane (108) com-
posed of six planar cyclobutanes exhibits high paratropicity, as evidenced by NICS(CC)°
calculated at the cage center of 21.6 ppm?>®.

vl

(108)

Therefore, available evidence—albeit very scarce—shows that Hiickel rules might well
be operative in o-electron frameworks too.

VIl. CONCLUSION

Cyclobutadiene is a molecule with remarkable structural and electronic features. Its rect-
angular geometry inherits a high o-electron angular strain. However, a neat theoretical
analysis shows conclusively that the larger part of its lower stability is a direct consequence
of antiaromaticity of the 4m-electron network. In spite of its elusiveness and highly pro-
nounced reactivity, cyclobutadiene is a versatile building block of large (supra)molecular
structures. If it is used in planar structures, cyclobutadiene takes control over behavior of
extended m-systems like, e.g., in [NV ]phenylenes. Its annelation leads to changes consistent
with the Mills—Nixon effect. However, it should be strongly pointed out that properties
of cyclobutadiene are also changed upon fusion. Sometimes, these changes are quite
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dramatic like in benzo[1,2:4,5]dicyclobutadiene (28), where the cyclobutadiene moieties
exhibit a very strong aromaticity. It can be safely stated that annelation of cyclobutadiene
fragments to aromatic molecules leads to systems exhibiting a wide range of interesting
properties, which are results of a subtle interplay of the angular strain, aromaticity and
antiaromaticity. It is important to mention that cyclobutadiene in its first triplet state and in
some dications and dianions behaves like an aromatic system, thus representing molecular
Janus. Its chameleon nature takes place in a number of complex compounds to mention
only Pettit’s cyclobutadiene-iron tricarbonyl, dilithium salts of various trimethylsilyl- or
phenyl-substituted cyclobutadiene dianions, as well as squarate and squaramide dianions.
In this way cyclobutadiene enriched both organic chemistry and the chemical bonding
theory. It can be safely stated that cyclobutadiene chemistry is a highly promising field
which will offer a plethora of new organic and organometallic systems and interesting
novel features for many years to come.
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I. INTRODUCTION

This chapter deals with stereochemical aspects of cyclobutane and its derivatives. The
scope is limited to molecules with sp’-type ring carbon atoms with only few excep-
tions, and in those cases for the purpose of comparison. Certain structures containing the
cyclobutane ring with interesting architectures are also included.

The stereochemistry of cyclobutane and its derivatives has attracted relatively little
attention, especially if one compares it with cyclohexane. However, a comprehensive
review by Moriarty of cyclobutane stereochemistry has appeared! and covers the literature
up to 1974. Much of the fundamental aspects on cyclobutane stereochemistry had been
considered at that time, in particular through information from spectroscopic studies.
Since then the field has attracted increased interest as the photodimerization of nucleotides
and the discovery of important natural products and molecules with intriguing electronic
properties incorporating the cyclobutane ring have appeared. This chapter intends to report
on information concerning the stereochemistry of cyclobutane and compounds bearing this
ring system and on the factors that govern stereochemistry and reactivity.

Il. CONFORMATION
A. Conformation of Cyclobutane

Cyclobutane (1) is a conceptually simple, symmetrical molecule. Intuitively, one would
imagine cyclobutane should be planar, possessing a square geometry. The reason behind
this idea is that any deviation from the already strained C—C—C bond angle of 90°
in a square arrangement would further compress this angle. However, the situation is
actually slightly more complicated. Thus, cyclobutane may be represented by two extreme
conformations: a planar one (point group Dgy) and a puckered one (point group Djg).
Despite the fact that the angle strain in the planar form of cyclobutane is minimal, it has
been known since the beginning of the 1950s that cyclobutane and most of its derivatives
assume a puckered conformation. The first educated suggestion that cyclobutane may not
be a planar molecule was due to Bell as early as 19452, but more definite experimental
evidence appeared much later’. There are two alternative ways of defining the puckering
of the cyclobutane ring system: one is the angle of pucker, ¢, as defined by the acute
angle between the planes C;C,C4 and C,C3Cy; the other is known as the dihedral angle,
which is equal to 180° — ¢ (Figure 1).

Cyclobutane itself does not have a dipole moment and thus is microwave inactive. The
same is the case for the puckering mode vibration, and Raman spectroscopy has often been
the spectroscopic method of choice. For substituted derivatives, infrared, microwave and
diffraction methods have also been used for conformational studies. However, infrared
spectroscopy can be used for other vibrations of cyclobutane, which can give information
about the puckering vibration. Vibrational spectra of cyclobutane and monodeuteriocy-
clobutane were studied as early as in the 1960s with slightly divergent conclusions about

FIGURE 1. Structural parameters for cyclobutane showing the angle of pucker (¢) and the axial
(ax) and equatorial (eq) substituents
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the details of cyclobutane conformation, but agreed about a nonplanar structure*>. The
most recent structure determination of cyclobutane is a combined electron diffraction and
FTIR study by Egawa and coworkers®. Their study includes a refinement compared to
earlier studies, as it considers the coupling of the puckering vibration and other motions,
especially the CH,-rocking motion. The angle of pucker, ¢, was given as 27.9° and the
torsional angles are approximately 25°. The bond angles are contracted compared to the
planar form to ca 86° as a result of the deformation. The average experimental C—C
and C—H bond lengths are 1.554 and 1.109 A, respectively, and the H—C—H bond angle
106.4°. Similar results have been obtained by other researchers®”~10. The origin of this
deformation has been the subject of much consideration, but it seems that the major
contributions are the reduction of the torsional (Pitzer) strain and Dunitz—Schomaker
strain (nonbonded 1,3 C—C interaction). This repulsive interaction was calculated to be
3.8 kcal mol~! larger in the planar form!!~!4. Thus, the preferred conformation of cyclobu-
tane belongs to the D,q point group. A consequence of this deformation is that there are
two types of hydrogen atoms, equatorial and axial, similar to the situation in cyclohex-
ane, and thus two different conformations for monosubstituted derivatives. Inversion of
the ring goes through a planar transition state, interchanging the hydrogen atoms or, in
case of a substituted cyclobutane, the position of the substituents.

The 1,3-diaxial hydrogen atoms are slightly bent towards each other by an angle of
4°15.16 A similar tilt was determined for octafluorocyclobutane!’, whereas interestingly
octahydroxycyclobutane has been reported to assume a planar Dy, structure in water
solution according to the Raman spectrum'®, as well as in the crystal'®. Thus, not all
symmetrically octasubstituted cyclobutanes can be assumed to be puckered. The latest
determination of the barrier to ring inversion in cyclobutane is 1.48 kcalmol™' over a
planar Dy, transition state geometry'©.

Microwave, infrared and Raman spectra can be analyzed by polynomic potential func-
tions, originally proposed by Bell, describing the out-of-plane distortions of molecules
such as cyclobutane?:

V=Az*+BZ (D

in which z is a dimensionless reduced coordinate or a puckering coordinate, such as half
the orthogonal distance between the two diagonals. In the general case, a single potential
minimum is obtained if B is positive or zero. If B is negative, a double potential energy
minimum results. If B is zero or small, the molecule is planar. Function (1) is usually
called a quartic-quadratic function. Higher-order polynomial functions have also been
used (see Figure 2). Furthermore, for a monosubstituted cyclobutane the unsymmetrical
potential can be represented by introducing an odd term:

V=AZ+B+CZ )

Other models describing the ring puckering of cyclobutane have been proposed?.

Cis- and trans-cyclobutane-1,2-d, (and cubane-d) have been studied by rotational spec-
tra in the millimeter- and submillimeter-wave region?!. Trans-cyclobutane-1,2-d, exists
in an equatorial—equatorial and an axial—axial conformation, as expected from previous
results on the structure of cyclobutane. The observed microwave spectrum exhibits the
effect of puckering.

The use of 'H NMR Karplus-type relations and molecular mechanics to link vici-
nal coupling constants to the cyclobutane dihedral angles has met with only moderate
success??. Instead, four-bond couplings were suggested for studying cyclobutane stereo-
chemistry rather than vicinal couplings, which showed variations with small distortions
and ambiguity between the cis and trans values, except when the absolute coupling value
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FIGURE 2. Puckering potential curves for cyclobutane, C4Hg and C4Dg using the expression V =

A 7% 4+ B z* + C 72, and assuming (a) no CH, rocking and (b) a rocking angle of 6.2°. Reproduced
by permission of the American Institute of Physics from Reference 6

was <0.5 Hz. The *J coupling constant was positive when the two interacting protons
were cis and negative when they were trans to one another?.

Several quantum-mechanical-based methods for the computation of structure and of
chemical shifts and coupling constants in cyclic and bicyclic compounds have been
developed®* 3!, Ab initio IGLO (individual gauge for localized MO) methods of SCF-MO
theory have been used to study and analyze the mathematical form of the conformational
dependencies of the isotropic '3C chemical shifts of cyclobutane and some derivatives’2.

Schleyer and coworkers calculated contrasting ring current effects, diatropic in three-
and five-membered and paratropic in four-membered ring systems. In larger saturated
rings these effects are negligible. The o-antiaromaticity and deshielding effect of the
cyclobutane C—C(o) bonds is general: cubane and cages with four-membered rings are
strongly deshielding (i.e. o-antiaromatic)?S.

Anisotropy of the cyclobutane ring was claimed to be responsible for the difference
in the chemical shifts (A§ = 0.33 ppm) of the protons of the 8-Me and 9-Me in 6,6-
dimethylbicyclo[3.1.1]heptane (2)33.

Earlier quantum-mechanical calculations, using methods such as CNDO/2, extended
Hiickel and minimum basis set ab initio, did not reproduce the puckered conformation
unless rocking of the methylene groups was introduced* 3,
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Nonbonded 1,3 C—C interactions (Dunitz—Schomaker strain) in the cyclobutane system
have been estimated based upon MINDO/3 and CNDO/1 and -/2 semiempirical SCFMO
calculations'# 3% All estimates of Baeyer strain in cyclobutane are ca 7—11 kcalmol™!, i.e.
too small to account for the large (26.4 kcal mol~!) experimental cyclobutane strain. The
calculations by Bauld and coworkers estimates 1,3 carbon—carbon repulsions (Dunitz—
Schomaker strain) of approximately 20-30 kcalmol™'. Even though the use of
semiempirical methods makes the quantitative energy values uncertain, they suggest
that Dunitz—Schomaker strain may be an important contribution to the total strain of
cyclobutane. Calculated variation of the Dunitz—Schomaker strain with the pucker and
methylene rocking angles is also in agreement with experimental observations. Even
though puckering shortens the 1,3 C—C distance, the 1,3 carbon—carbon repulsion
decreases by 4.0 kcalmol™'. Dunitz—Schomaker strain in the cyclobutyl cation is
5.1 kcalmol™! less than in cyclobutane, in agreement with the special stability of
this cation.

Already the MM2 force field gave satisfactory reproduction of the conformation and
barrier of cyclobutane’’~*!. Chen and Allinger later developed an MM4 force field
and applied it to cyclobutane*?. Structure, barrier and vibrational spectra were calculated
and found to be in better agreement with experiment and ab initio and density functional
calculations.

Hoffmann and Davidson constructed the orbital symmetry correlation diagram shown
in Figure 3 and analyzed the valence orbitals of cyclobutane in terms of a ¢ — 7 model
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FIGURE 3. Orbital correlation diagram for cyclobutane*?
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analogous to that of Walsh for cyclopropane, assuming a planar ring*?. The highest
occupied MOs of cyclobutane are a degenerate pair of e(SA,AS) symmetry. While not as
effective as the corresponding Walsh orbitals of cyclopropane, these valence orbitals of
cyclobutane have unique symmetry properties. Thus, when two m-electron acceptor sub-
stituents are geminally substituted on a cyclobutane, one is expected to assume a bisected
conformation, the other a perpendicular one. Geometrical distortions in cyclobutylcarbinyl
cations are also predicted. Walsh-type orbitals in cyclobutane should be expected to sta-
bilize the planar conformation, thus reducing the barrier.

Conjugation between cyclobutane and a w-system (e.g. 3 and 4) was suggested from
an interpretation of photoelectron spectra**. The interaction seemed to be independent of
conformation, in contrast with the findings for the corresponding cyclopropyl compounds.

/ K o—=

3) C)) ®)

The unusual electronic spectrum of tricyclo[3.3.0‘02"6]octane (5) is attributed to opti-
mum interaction of the ethylene units with the valence orbitals of cyclobutane.

The puckering of four-membered rings is often solely described by the puckering ampli-
tude. However, even though cyclobutane is the simplest molecule for which ring puckering
can be studied, six internal coordinates are needed in order to specify the geometry of
the ring atoms. Esteban and coworkers have theoretically analyzed the ring puckering®.
The dependence of the intracyclic torsion angles and bond angles upon the puckering
amplitudes has been calculated for a set of ab initio geometries of four-membered rings
c-[(CH,);X] as well as for a set of X-ray structures of their derivatives. The coefficients
in the corresponding expressions have been estimated both theoretically, from the bond
angles and bond lengths of planar reference conformations, and by parameterization. The
equations calculated for the ab initio structures from the planar ring geometries are in
good agreement with those obtained by parameterization. Likewise, the results from the
analysis of X-ray structures are in reasonable agreement with the ab initio ones.

Allen has analyzed the molecular geometry, obtained by X-ray methods for 202 deriva-
tives of cyclobutane, via the Cambridge Structural Database. For the cyclobutane ring a
mean ring bond length of 1.554 A was obtained, but the range (1.521-1.606 A) is wide.
Puckered conformations are preferred in the range 20 < ¢ < 35°, although a complete
range to 67.2° is represented*S.

B. Heteracyclobutanes and sp?-Hybridization

The mono heteracyclobutanes c-[(CH;)3;X] possess a more or less puckered conforma-
tion with lower barriers than cyclobutane (see Figure 4). The following examples illustrate
the effects of ring atom substitution and introduction of sp?-hybridized carbon atom in
the ring on the inversion barrier*’ %

The oxetane molecule can be considered as planar, as the ground-state vibrational level
is slightly above the inversion barrier according to microwave studies’®~>3. Microwave
and infrared spectra®*>> were matched by potential functions for ring puckering, leading
to a barrier height of 15.3 cm™! (0.1 kcal mol™").
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FIGURE 4. Inversion barriers of some heteracyclobutanes and derivatives with sp? ring carbon
atoms. Values are taken from sources cited in the text
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FIGURE 5. Ground-state (g.s.) potential and the v;s excited-state potential for azetidine and

azetidine-d. Z is one-half the distance between the C---N and C.--C diagonals. Reprinted from
Reference 65 with permission from Elsevier

The thietane molecule, on the other hand, is strongly puckered and has a barrier of
274 cm™! (0.75 kcalmol™") and an angle of pucker (¢) of 40°3¢37. The difference in
structure between oxetane and thietane is probably due to the smaller C—S—C bond
angle and the longer C—S bonds. In selenetane, the trend is maintained with a puckered
ring (¢ = 32.5°) and an inversion barrier of 378 cm™! (1.08 kcal mol~!)%%.

Azetidine is special in the sense that the two puckered conformations generated by
ring flip are nonidentical, possessing an equatorial and axial N-hydrogen atom, respec-
tively. In an early far-infrared study of this molecule and its N—D derivative, an analysis
of the puckering potential had given a double-minimum shape while the energy differ-
ence between the conformers was 95 cm™! (0.27 kcalmol~!) and the barrier height was
given as 441 cm™! (1.3 kcal mol~"). Later investigators have argued that the data were
better reproduced by a single-minimum potential®!-%2, and this was confirmed by elec-
tron diffraction, microwave and infrared spectroscopy studies®*~%. Figure 5 shows the
potential for azetidine and its deuterio analog according to Egawa and Kuchitsu®’.
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Silacyclobutane has been studied by infrared spectroscopy™>®, microwave spectros-
copy®’ and electron diffraction®®. All studies agree that the molecule is puckered. The
angle of pucker is calculated as 29-36° and the barrier as 440 cm™' (1.26 kcal mol ™).

Ground-state geometry optimization of oxetane, silacyclobutane, thietane, boracyclobu-
tane and aluminacyclobutane has been carried out by ab initio SCF calculations at the
6-31G* level. Comparison with available experimental data confirms that this level of the-
ory somewhat underestimates both the dihedral angles in these molecules and the barriers
to ring inversion®.

Changing the hybridization of a single carbon atom in cyclobutane to sp? reduces both
ring puckering and inversion barrier. IR spectra of methylenecyclobutane, methylene-d,-
cyclobutane-2,2-d, and methylene-d,-cyclobutane-ds have been studied with respect to
occurrence of combination bands in the ring-puckering vibration™. A two-dimensional
potential function yielded a barrier of 168 4= 10 cm™' over the planar conformation, in
good agreement with the barrier of 160 &40 cm™! detected from the vibrational depen-
dence of the rotational constants in the microwave spectrum’!.

Transitions for the ring puckering vibrations of methylenecyclobutane were found in the
far-IR spectrum’?. The barrier to ring inversion was given as 139 cm™' (0.4 kcal mol™")
and the gistance between ring diagonals in the equilibrium conformation was estimated
as 0.25 A.

The electronic spectrum of benzylidenecyclobutane, seeded in a supersonic jet expan-
sion, has been recorded using resonantly enhanced two-photon ionization spectroscopy’>,
giving information about the potential energy surface in the excited state as well as in the
ground state. A planar excited state with large amplitude motion of the phenyl ring was
proposed. The ground state was found to be puckered with ¢ = 17—-19° and the phenyl
ring twisted ca 25° with respect to the vinyl moiety.

C. Monosubstituted Cyclobutanes

In monosubstituted cyclobutane derivatives the conformer with equatorial substituent
is the more stable one. Some results chosen from work by Durig and other researchers,
including simple substituents, are summarized in Table 1. These values follow a compli-
cated pattern and, as far as they are reliable, indicate bonding interactions as well as steric
and polar effects.

Raman and IR spectroscopy was used for an investigation of gaseous and solid methyl-
cyclobutane and methyl-ds-cyclobutane®'. In the liquid state both the axial and equatorial
conformers are present. The equatorial form is thermodynamically preferred and is the
only form present in the solid form. A barrier as low as 161 cm™! was deduced from the
Raman spectra.

TABLE 1. Conformer stabilities (axial equatorial) and barriers for monosubstituted cyclobutanes
(in cm~!/kcal mol=")“

Substituent v/AH® (gas) v/AH® (liquid) Barrier Reference
CH; 295/0.84 354/1.01 641/1.83 74
F 413/1.18 413/1.18 713/2.04 75
Cl 449/1.28 328/0.94 827/2.36 76
—/1.4 77
Br ca 350/1.00 297/0.85 636/1.82 78
—/1.9 —/2.1 71
CN 258/0.74 —/1.15 585/1.67 79,80
@ The value 1 cm™' = 2.859 calmol~! was used. Both values are given when the original values were given in

cm™!,
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In the case of bromocyclobutane the difference is ca 1 kcalmol™! (see also Refer-
ence 75). This is remarkably higher by a factor of 2 than the value for bromocyclohexane
(0.49 kcal mol~1). In cyclohexanes the conformational equilibria are more dependent upon
1,3-diaxial repulsions. The ring tends to be less puckered for axially substituted cyclobu-
tanes and, in the case of bromocyclobutane, the axial form has been suggested to assume
an essentially planar conformation®?. Caminati and coworkers recently studied a series
of monosubstituted cyclobutanes’ #3387 In chlorocyclobutane, both the equatorial and
axial conformers are found to be present. Applying a model by introducing a sepa-
rate Boltzmann-populated potential for two conformers vibrating harmonically for the
puckering motion resulted in the following thermodynamic parameters: A H°(ax-eq) =
0.96 kcalmol ™!, AS°(ax-eq) = 0 calmol ' K~!, ¢, = 30° and ¢, = —21°%,

The Raman and IR spectroscopy has also been applied to chloro- and bromocyclobutane
as vapors, liquids and as amorphous and crystalline. IR spectra of the crystal phases were
obtained at approximately 25 kbar pressure. Evidence from Raman and IR spectra shows
that chloro- and bromocyclobutane have a second (axial) conformer existing in amounts
<10% for chloro- and <3% for bromocyclobutane’”.

Jonvik and Boggs concluded from a computational study that electronegative sub-
stituents favor an equatorial position (the Jonvik and Boggs relationship)®.

Cyanocyclobutane has been studied by several techniques. In an earlier investigation
the infrared spectrum was interpreted in terms of a single conformation®. Infrared spec-
troscopy was also studied in various phases by Powell and coworkers and they concluded
that less than 10% of the axial conformer was present at ordinary conditions®. The
barrier to ring inversion was given as <1.2 kcalmol~!. Nevertheless, it seems that it
is the axial conformer that crystallizes at high pressure. The microwave spectrum of
the axial conformer of cyanocyclobutane was assigned on the basis of its ab initio
structure. From dipole moment and relative intensity measurements it was possible to
determine the relative energy with respect to the previously assigned equatorial conformer:
E(ax) — E(eq) = 258 & 50 cm™! (ca 0.7 kcal mol~")34. Gas-phase electron diffraction of
the molecular structure and conformation of cyanocyclobutane indicates 77% equatorial
form. Cyanocyclobutane does not obey the Jonvik and Boggs relationship®’, in contrast to
a variety of related monosubstituted cyclobutane homologs. Caminati and coworkers dis-
cuss possible electronic interactions between the CN group and the four-membered ring.
In agreement with data for 1,1-dicyanocyclobutane, the adjacent C—C ring bond distance
(1.557 A) is larger than the distal C—C ring bond distance [1.547 A (ax) and 1.551 A
(eq)]. The puckering angles are given as 19.1° and 27.0° for the axial and equatorial
conformers, respectively®!.

Vinylcyclobutane was examined in an ab initio study and was found to be most stable in
the s-trans form and predicted to possess shallow secondary s-cis and gauche minima as
well (Figure 6). Substitution in the 2-position of the vinyl group by either w-acceptors or
m-donors destabilizes the gauche structure relative to the other two. The C-1 substitution
has little effect®?.

A combined analysis of electron diffraction and microwave spectroscopic study of
ethynylcyclobutane reveals that this molecule exists in axial and equatorial forms with

H H
i \;\
‘ W i
s-cis s-trans gauche

FIGURE 6. The three conformers of vinylcyclobutane??
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the latter more stable by about 0.96 kcal mol~! (corresponds to eg:ax = 84:16 at room
temperature), which is in excellent agreement with the values observed by means of
vibrational spectroscopy. This result is also in good agreement with the ab initio cal-
culations. These methods predicted the equatorial form to constitute 81-88% in the
conformational equilibrium. The results were compared with the isomeric molecule (2-
propynyl)cyclopropane®. The Raman spectra of ethynylcyclobutane in the gaseous, liquid
and solid phases are also consistent with two stable conformers existing at ambient tem-
perature, and that the equatorial conformer is more stable than the axial form in both
the gas and liquid phases, and is the only conformer present in the solid. Experimental
values for the enthalpy difference between the two conformers were determined for both
the gas (282 cm~'/0.8 kcal mol~") and the liquid (181 cm~'/0.5 kcal mol~")**. Infrared,
Raman and ab initio calculations were used to investigate the structure and conforma-
tional space of (2-propynyl)cyclobutane®. Four conformations could be identified at low
temperatures in liquid krypton solution in order of decreasing stability: equatorial-anti
(Ea), equatorial-gauche (Eg), axial-anti (Aa) and axial-gauche (Ag) (Figure 7).

Aminocyclobutane presents a slightly more complicated situation as the amino group
may assume anti or gauche conformations in both equatorial and axial positions yield-
ing four possible conformers. Most stable in the gas phase is the gauche-equatorial
conformer, shown in Figure 8, and the microwave spectrum and DFT computations
of aminocyclobutane and its ND, and NHD derivatives give information about amino
group inversion (856 cm™!/2.4 kcal mol~!) and internal rotation as well as ring inversion
(712 cm~'/2.0 kcal mol~1)36¢:87,
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FIGURE 7. Conformations and relative energies of (2-propynyl)cyclobutane®
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FIGURE 8. Equatorial-gauche conformation of aminocyclobutane®¢-87
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According to an electron diffraction study, bicyclobutyl (6) exists as a mixture of pre-
dominate equatorial—equatorial and minor equatorial—axial conformers with unperturbed
cyclobutane units®®,

H H
H H
(6)
diequatorial axial-equatorial

D. 1,1-Disubstituted Cyclobutanes

A few 1,1-disubstituted cyclobutane derivatives have been investigated with respect
to conformation. The microwave spectrum of the 1,1-difluoro derivative could be fitted
to a quartic-quadratic expression, suggesting a puckered conformation with a barrier of
241 cm~!%7. Cyclobutane-1,1-dicarboxylic acid is also reported to be puckered®®®. A
'"H NMR spectrum of 1-chloro- and 1-bromo-1-methylcyclobutane and all their 2- and
3-mono-methyl homologs indicates that the halo substituents in geminal methylhalocy-
clobutanes prefer the equatorial position more than do methyl groups!®. IR studies of
cyclobutane monocarboxylic acid, cyclobutane-1,1-dicarboxylic acid and cyclobutane-cis-
1,2-dicarboxylic acid have been reported!?'.

The temperature dependence of the geminal F—F chemical-shift differences in unsym-
metrically substituted difluorocyclobutanes was interpreted in terms of an equilibrium
between axial and equatorial conformations'?~1%_ The results indicate that the axial con-
former in monosubstituted cyclobutanes may be nearly planar. The absence of temperature
effects in the spectra of 1,1-difluoro-2-chloro-3,4-diphenylcyclobut-2-ene and 1,1-difluoro-
3-methyl-3-phenylcyclobutan-2-one indicates that these systems are planar. The angle of
puckering of 1,1-difluoro-3-phenylcyclobutane is estimated to be ca 27°.

E. 1,2-Disubstituted Cyclobutanes

With 1,2-disubstituted derivatives the stereochemistry becomes slightly more compli-
cated, as such molecules may display cis-trans isomerism. The trans form may exist, when
puckered, in two different conformations: diequatorial or diaxial, while the cis form exists
in axial—equatorial conformations. The base-catalyzed equilibration of the methyl esters
of cis and trans cycloalkane dicarboxylic acids has been reported (Table 2)!%.

Apparently, the trans isomer is preferred throughout, presumably since the molecules can
assume a diequatorial conformation. However, the high value for the cyclopropane deriva-
tive indicates that polar effects may contribute significantly, although differences in relative
direction of the substituents vary with the ring size. Eclipsing is also more pronounced

TABLE 2. Equilibrium composition of methyl 1,2-cycloalkanedicarboxylates'?

Ester of % trans isomer % cis isomer
1,2-Cyclopropanedicarboxylic acid 99
1,2-Cyclobutanedicarboxylic acid 90 10
1,2-Cyclopentanedicarboxylic acid 90 10
1,2-Cyclohexanedicarboxylic acid 93 7




94 Ulf Berg

in cyclopropanes. Recently, a combined experimental and computational study found the
same trans preference (by ca 7 kcalmol™!) in the isomeric dimethyl fumarate—dimethyl
maleate pair!%. X-ray diffraction studies of trans-1,2-cyclobutanedicarboxylic acid show
a puckered (¢ = 31°) conformation with diequatorial substituents'?’.

The crystal structure of cis-1,2-cyclobutanedicarboxylic acid shows that the cyclobu-
tane ring is puckered with a dihedral angle of 24° and conformational deformations
due to steric interaction between the carboxylic acid groups!®®. The cis isomer of 1,2-
cyclobutanedicarboxylic acid is more acidic, since the monoanion may be stabilized by
electrostatic and hydrogen bonding. Furthermore, the K;/K, ratio is larger for the cis
isomer (130) than for the trans isomer (41)!%,

The structures of cis-2-phenylcyclobutanecarboxylic acid and cis-3-( p-fluorophenyl)cy-
clobutanecarboxylic acid have been determined by X-ray diffraction. In both compounds
the cyclobutane ring is puckered. In the latter compound both the carboxyl and p-FCcHy
substituents are close to the bisecting geometry, in contrast to the former compound''®.

The enantiomers of trans-1,2-bis(aryloxy)cyclobutanes were resolved by chiral high-
performance liquid chromatography. A fluorescence spectrum indicated that cis-1,2-diphen-
oxycyclobutane formed an intramolecular excimer between two phenoxy groups!!'. The
results led the authors to revise the configuration of some of the cyclobutane derivatives
that they had previously reported on the basis of NMR data!!? 113,

NMR data on the methyl esters of cis- and trans-3-tert-butylcyclobutanecarboxylic
acids and of cis- and trans-2(and 3)-tert-butylcyclobutanols indicate that the rings were
puckered!!* 113,

'"H NMR vicinal coupling constants in cis- and trans-1,2-diphenylcyclobutane were
compared with those obtained by the Barfield—Smith equations from existing structural
data of cyclobutane derivatives!''® "7, In the Barfield—Smith equations the vicinal coupling
constant depends not only on the dihedral angle as in the classical Karplus equation, but
also on the H—C—C bond angles. In the trans isomer, the conformation with the phenyls
in the diequatorial positions is strongly preferred, in agreement with previous results on
halocyclobutanes. As expected, the cis isomer fluctuates between the two equivalent eq-ax
conformations' '8,

F. 1,3-Disubstituted Cyclobutanes

As 1,3-disubstituted cyclobutanes have a plane of symmetry both cis and trans isomers
are achiral (provided that the substituents do not brake the symmetry), although the C,
and C; atoms in molecules such as the cis and frans 1,3-diols are stereogenic but not
chirotopic. Electron diffraction studies of several 1,3-dihalo derivatives show exclusive
diequatorial conformations for cis isomers and axial—equatorial conformations for trans
forms'!'. The angle of pucker was given as 32—33°. Cis—trans equilibration of 1,3-
dihalocyclobutanes through treatment with the corresponding halide salts was performed
by Wiberg and Lampman'?’. The results are given in Table 3. The expected trend in
terms of atom sizes is observed. The authors also estimated structural parameters from
dipole moments.

TABLE 3. Cis—trans equilibration data of 1,3-dihalocy-
clobutanes at 124.4°C'20

Dihalocyclobutane K cis jtrans AG® (kcalmol™!)
Dichloro- 1.44 0.29
Dibromo- 2.07 0.58

Diiodo- 2.18 0.62
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Dipole-moment measurements of trans-1,3-dibromo-1,3-dimethylcyclobutane in which
1,3 interactions cannot be avoided were interpreted in terms of a flattening of the ring to
reduce the magnitude of the interactions. The angle of pucker is estimated as small as
14°. Other examples where dipole moments have been used to estimate the conformation
of 1,3-disubstituted derivatives have also appeared'?!.

Infrared and Raman spectra of the two isomers of 1,3-dimethylcyclobutane in the
temperature interval +20 to —100°C show decisive differences!??. Similar results were
obtained by Lillien!?}. Symmetry properties of the planar trans isomer (Cay) imply that
the vibrational spectrum must obey alternation in IR Raman activity. Actually, consider-
able coincidence was observed indicating a nonplanar conformation. The cis isomer did
not show any temperature dependence but the trans isomer gave new IR bands at low
temperature, which coincided with the Raman bands. Thus, the cis isomer is exclusively
diequatorial, whereas small amounts of planar conformation cannot be ruled out for the
trans form.

Several cyclobutanecarboxylic acid derivatives have been studied'?*~1%°. In the crystal
trans-1,3-cyclobutanedicarboxylic acid is planar, whereas the same molecule is puckered
in a cocrystal with the disodium salt'?%. Surprisingly, the crystal is built up of one dianion
containing a planar ring and one puckered neutral diacid molecule. These results indicate
that crystal forces are of the order of 1 kcalmol™! and that the potential for out-of-plane
deformations is shallow. Equilibration of cis- and trans-3-tert-butylcyclobutanecarboxylic
acid ethyl ester favors the cis form by 0.6 kcalmol ™! in an enthalpy-driven equilibrium,
and the corresponding acid also favors the cis form!'“.

The base-catalyzed cis—trans equilibration of 3-isopropyl- and 3-methylcyclobutanecar-
boxylic acid methyl esters (7 and 8, respectively) enables comparison between the methyl
and isopropyl groups in the cyclobutane system'3°, revealing a difference AAG33g x =
0.2 kcal mol ™!, slightly lower than the difference between the corresponding value (A-
values) in the cyclohexane series. This is believed to primarily originate in the low penalty
cost of ring flattening of the cyclobutane ring compared to cyclohexane as observed in
several other derivatives'?.

CO,CH3 H

For dimethyl 1,3-cyclobutanedicarboxylate AG;38 « = 0.1 kcalmol~! in favor of the
trans-ax,eq isomer, a preference that is probably governed by electrostatic interactions'?’.

The aluminum isopropoxide-catalyzed cis—trans equilibration of 3-tert-butylcyclobuta-
nol leads to AH® = —1.6 kcalmol™!, AS® = —1.1 calmol™' K~! and AG3;; « = —1.15
kcal mol~! 2%, The NMR spectra of the cis and trans isomers of 3-isopropylcyclobutanols
and 3-isopropylcyclobutylamines reveal the existence of both equatorial and axial substitu-
ents'3!. The isopropyl group is considered to be large enough to act as an equatorial
anchor.

Equilibration of 1,3-di(phenylsulfonyl)cyclobutane in -BuOK/t-BuOH shows that the
trans isomer is more stable than the cis isomer by 2.1 kcalmol~! *2, in contradiction
to what is generally observed for 1,3-disubstituted cyclobutanes, for which the bulky
substituent prefers the cis configuration in order to avoid 1,3-diaxial interactions. The
effect was found to be enthalpic in nature. Ab initio 3-21G calculations also resulted in
preference of the trans isomer by 2.6 kcalmol~!. The cyclobutane rings were calculated
to be nearly planar. An explanation could be found in terms of electrostatic interactions
favoring the trans form.
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G. Polysubstituted Cyclobutanes

Cis-1,3-dibromo-1,3-dimethylcyclobutane and trans-1,3-dibromo-1,3-dimethylcyclobu-
tane were analyzed in various states and by various spectroscopic methods!33. The trans
compound can only take one type of puckered conformation. The IR and Raman spec-
tra of cis-1,3-dibromo-1,3-dimethylcyclobutane were interpreted in terms of only one
conformer with diequatorial Br and C,, symmetry. The spectra of trans-1,3-dibromo-1,3-
dimethylcyclobutane were interpreted in terms of a planar or pseudo-planar cyclobutane
ring and an effective C,, symmetry in the condensed phases. Trans- and cis-1,3-dibromo-
1,3-dimethylcyclobutane have been studied by gas electron diffraction. The trans isomer
must exist in an equilibrium between two degenerate conformations. The puckering angle
of the ring was determined as 18°. The cis isomer may exist as diequatorial and diaxial
conformers with respect to the bromines. The diequatorial conformer is found to pre-
dominate at 40°C with a population of 81%, corresponding to an energy difference of
AG°(ax-eq) = 1 kcal mol~! 134,

Vibrational spectra indicate that the barriers to ring inversion are high enough in 1-
chloro-1,2,2-trifluoro- and 1,1,2-trichloro-2,3,3-trifluorocyclobutane for both conformers
to be trappable in the matrix but not in the vapor state!3>.

Comparison of the photoelectron spectrum of tetravinylmethane with that of all-trans-
1,2,3,4-tetravinylcyclobutane (9) indicated that the interaction of the vinyl groups in these
two compounds was similar and that they had S; symmetry'3°.

The photodimers of cinnamic acid, truxillic acid (10) and truxinic acid (11), appearing in
many sources of natural products, play an interesting role in cyclobutane stereochemistry.
Truxillic acid may exist as five diastereomers, all remarkably achiral: «, y, peri, epi and
& (Figure 9), whereas truxinic acid exists as six diastereomers of which two are meso
and four chiral. The a-truxillic acid has no symmetry plane but a center of symmetry (S,
point group) in the time-averaged planar conformation, which makes it achiral.

= —— HOOC Ph Ph COOH

Ph COOH  pj COOH
9 (10) an

Truxillic acid is called a-type photodimer since it is formed regio- and stereospecif-
ically from the o-modification of crystalline frans-cinnamic acid and truxinic acid (the
B-form) is obtained from the f-modification'3”. Cocrystallization of trans-cinnamic amide
with phthalic acid also gives the B-type photodimer, despite the fact that according to
a single-crystal X-ray study the double bonds are nearly perpendicular to each other
(Figure 10)'38,

Dynamic 'H and '*C NMR spectroscopy has been used to analyze restricted rotation of
the phenyl groups in dimethyl 2,2’,6,6'-tetrachloro-S-truxinate, resulting in the following
activation parameters: AH* = 11.0 kcalmol™!, AS¥ = —4.4 calmol ' K~'. In the tran-
sition state for rotation, the two Ph groups are perpendicular to one another and the act of
rotation involves one phenyl group at a time. The origin of the barrier is the steric interac-
tions of the chlorine atoms with their environment in the transition state for the rotation.
X-ray analysis of the compound yields a structure with an angle of pucker of 14.3° for
the cyclobutane ring in which one chlorine group hovers over the cyclobutane ring while
the two chlorines of the other phenyl group avoid contact with the cyclobutane ring'.
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FIGURE 9. The five truxillic acids
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FIGURE 10. Formation of photodimers from cinnamic amide

Optically active dimer 12 was formed by topochemically controlled [2 4 2] photocy-
clodimerization of a single crystal of (pyridylvinyl)cinnamate (13). The regioselectivity is
determined by the positions of the molecules in the crystal and the chirality of the dimer
resulted only from the chiral environment of the crystal. Furthermore, amplification of
asymmetry was achieved by seeding during the recrystallization of 13. The optical purities
of both enantiomers of 12 were more than 92%. The asymmetric induction mechanism



98 Ulf Berg

was interpreted by an X-ray structure analysis of 13. The formation of a chiral space
group was caused by the cisoid form of the monomer of 13, which is very rare among

photoreactive diolefinic molecules'*.
CO,Et N
X
F
Z
AN
CO,Et
12) (13)

Irradiation of solid trans-B-nitrostyrene gave only the head-to-tail r-1-¢-3-dinitro-7-2-
c-4-diphenylcyclobutane!4!.

The chemo- and stereoselectivity of the cycloaddition of allene derivatives with diethyl
fumarate and maleate shows that the reactions involve two steps and diradical inter-
mediates. The product distribution reflects the preferred conformations of the diradical
intermediates and the competition between ring closure, internal rotation and cleavage
reactions of the diradical intermediates. The '"H NMR spectroscopy was used to evaluate
the conformation of the methylenecyclobutane cycloadducts!4?.

The crystal structure and 'H and '*C NMR data of 1,1,2,2-tetracyano-3,3-dimethyl-4-
(2/,2’-dimethylethenyl)cyclobutane show that the H—C—C—H dihedral angle of the vinyl
group is anti both in the crystal and in solution and that the angle of pucker is 21.8°!43.
An analysis of the 'H and '3C spin—lattice relaxation times (7)) show that the rotations
of the two methyl groups in the three-position are hindered.

The Borodin—Hunsdiecker reaction (reaction with Br,, Ag,0) of trans-3,4-dibromocy-
clobutane-cis-1,2-tetracarboxylic acid gave 3 stereoisomeric 1,2,3,4-tetrabromocyclobu-
tanes: 56% all-trans, 20% cis,cis,trans and 24% cis,trans,cis'**. The stereochemical
outcome could be explained by either intramolecular bromine shift of the intermedi-
ate radical, taking place without inversion, or a bromine trans attack leading to different
tribromo intermediate radicals.

1-Chloro-1-fluorocyclobutane (14) and 1-chloro-1,2,2-trifluorocyclobutane (15) were
investigated by IR and Raman spectroscopy in various phases and at different tem-
peratures. Both compounds exist in two conformers. The argon matrix spectrum of
15 was consistent with an averaged structure at 13 K, suggesting a barrier lower than
1.2 kcalmol~! between the conformers. Both the argon and nitrogen matrix spectra of
15 contained two conformers. The enthalpy difference AH® between the conformers was
0.5 kcalmol ™! for 14 in the liquid and 0.6 and 0.7 kcalmol~' in the vapor and liquid,
respectively, for 15. The use of force constants from ab initio calculations at the 3-21G*
and 6-31G* levels only reproduces the spectra if the fluorine atom is equatorial in the
more stable confomer!43.

The substituent effects on the conformation of four 1,1-difluoro-2,2-dichlorocyclobutanes
substituted at the 3-position were elucidated by NMR. The ring protons and fluorine
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atoms gave rise to an ABXY spectrum, which markedly changed in complexity as the
3-substituents were varied. The author proposed that the appearance of the spectra depends
upon the extent of puckering of the four-membered ring'4°.

lll. RESOLUTION AND DETERMINATION OF CONFIGURATION

Since the synthesis of a chiral compound leads to racemic product unless a chiral handle
is operating in the enantioselective step of the reaction, resolution of racemate is a vital
technique for the preparation of pure or enriched enantiomers of synthetic compounds.
A summary of the methods at hand can be found in the monograph by Eliel, Wilen and
Mander'#’. If one is lucky, spontaneous resolution may occur enabling manual crystal
picking. More often, the transformation of the racemate to a diastereomeric species in the
enantiodiscriminating step has to be performed. Classical separation via diastereomers for
chemical separation includes many variations and can be performed under either thermo-
dynamic or kinetic control, preferentially using naturally occurring chiral resolving agents
since they are often enantiopure. This is, however, not always the case. An example includ-
ing a cyclobutane derivative is the use of a-pinene as a chiral auxiliary in enantioselective
hydroboration. The enantiomeric excess (ee) of natural «-pinene is only ca 84%, although
this does not necessarily mean that the ee of the resolving agent is the maximum possible
ee of the product. This phenomenon, called the nonlinear effect, has been observed and
utilized in asymmetric catalysis by the groups of Kagan and Noyori!43-15!,

The use of various types of adsorption or inclusion complexes with chiral molecules
has been successfully applied. In particular, chromatographic methods have been used
for both analytical and preparative purposes. Under suitable conditions both enantiomers
may be obtained in one experiment, although usually only in analytical or semiprepara-
tive scales'2.

The determination of the absolute configuration of a molecule is not an easy task. It
was only in 1951 that this was achieved through the Bijvoet anomalous X-ray scattering
method!’3. When the compound is not crystalline or when the crystals are not suitable
for X-ray analysis, one is left with either indirect methods, e.g. comparison of chiral
properties with other compounds of known configuration, or, in certain cases, application
of empirical rules, such as the octant rules for carbonyl compounds. When the use of such
methods fails, one must resort to the more elaborate theoretical computation of circular
dichroism (CD), optical rotatory dispersion (ORD) or optical rotation. This method has
been applied in a few cases for cyclobutane derivatives.

The photodimerization of coumarin has been the subject of interest for a long time,
and the regiochemistry of the reaction is known to depend upon the conditions'>*. The
racemic anti head-to-head coumarin dimer [(4)-16-(—)-16] was resolved by Saigo and
coworkers through fractional crystallization of the lactone-opened diamides with (S)(—)-
PhCHMeNH, followed by hydrolysis and relactonization. The absolute configuration was
determined both by CD spectroscopy and crystallographically, initially giving opposite
results'>. However, the assignment was later corrected to (6aR, 6bR, 12bR, 12cR) for
(+)-16, and the discrepancy was explained by a mirror reflection in the calculation of the
stereostructure from the X-ray data'>% 157,
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Chromatographic resolution of the anti head-to-head dimer 16 and the syn head-to-tail
isomer 17 was performed on crossbound poly(ethyl (5)-2-(acryloylamino)-3-phenylpropri-
onate) as the stationary phase and the absolute configurations were predicted by CD
spectroscopy'?’. The CD spectra were found to agree with those calculated by the semiem-
pirical matrix technique by Schellman and coworkers'>® 13°, using transition moments and
transition charge densities as input. The methoxy analog 17b was resolved on the same sta-
tionary phase immobilized on a porous matrix!®’. Sandstrom and coworkers also resolved
the C, symmetric photodimer of 5H-indolo[1,7-ab][1]benzazepine (18) and determined
the absolute configurations from their CD spectra'>’.
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IV. CYCLOBUTANE IN BICYCLIC SYSTEMS

The smallest and most strained fused ring system is bicyclo[1.1.0]butane (19). A cou-
ple of the earlier syntheses are shown in Figure 11'61:162, Hoz has written a review on
bicyclo[1.1 .0]butane'®3.

Among the examples of anomalous behavior noted for this bicyclic system is its propen-
sity for flap inversion. Woodward and Dalrymple studied the diester 20 (Figure 12)'%*. The
curious observation was that the di-endo ester isomer of cis-20 was thermodynamically
more stable in the equilibrium mixture (K = 14). Gassman and coworkers have taken
up the case and ran X-ray analysis and performed computations on the PRDDO level of
approximation, showing an unexpected flexibility of the bicyclo[1.1.0]butane skeleton'63.
An anti-parallel orientation of the ester groups as shown in Figure 12 seems to stabilize
the di-endo isomer by electrostatic attraction.

Bicyclo[1.1.1]pentane was first prepared in 1964 by Wiberg and coworkers'%®. The
strain of bicyclo[1.1.1]pentane (60—68 kcal mol~!)!7-18  previously considered anoma-
lously high, is clarified by the concept of Dunitz—Schomaker strain. Still, bicyclo[1.1.1]

hv
NS CH,Cl, @

Na
Cl Br —

19)

FIGURE 11. First syntheses of bicyclo[1.1.0]butane (19)'6!162



3. Stereochemical aspects—conformation and configuration 101

Ph
Ph
120 °C
CH;0,C COCHy  ——
H H
cis-(20)
Ph
Ph
H CO,CH;
CH;0,C H
trans-(20)

FIGURE 12. Configurational isomerization of 20'64
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FIGURE 13. A pyridinium salt formed by pyridine substitution of the iodide in 1,3-diiodobicy-
clo[1.1.1]pentane, giving an iodide/triiodide salt represented by resonance structures

pentane is thermally stable up to 300 °C'®. The molecular structure of bicyclo[1.1.1]pen-
tane has been investigated in the vapor phase by electron diffraction!”® and vibrational
spectroscopy'’! 172, The molecule has an angle of pucker of 58° and its C—C bonds
are unusually short, 1.498 A!'7>. The data support a D3, conformation. The separation
between the bridgehead C atoms (1.80—1.90 A) is one of the shortest nonbonded C- - -C
distances on record, leading to a very high value for the *J(H—H) coupling constant of
18 Hz!"-1"7, Adcock and coworkers!” prepared pyridinium salt by pyridine substitution
of iodide in 1,3-diiodobicyclo[1.1.1]pentane, giving an iodide/triiodide salt with a C;—C3
distance of 1.80 A (Figure 13).

Dimethyl bicyclo[1.1.1]pentane-1,3-dicarboxylate can be perfluorinated by direct fluori-
nation, leading to various fluorinated compounds. Single-crystal X-ray diffraction analysis
of hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylic acid (21) revealed an interbridgehead
distance of 1.979 A, long compared with the distance in the parent molecule, and very
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short nonbonded F—F distances of 2.41 A. The molecule has remarkably low pK, values,
0.73 and 1.34, compared with 3.22 and 4.26 for the parent diacid originating in a direct
field effect of the fluorine atoms, combined with an increased s character of the exocyclic
hybrid orbital on the bridgehead carbon!”8.

Reed and coworkers have shown that decarboxylation of 1-bicyclo[1.1.1]pentanecarbox-
ylate anion (22) does not afford 1-bicyclo[1.1.1]pentyl anion, as previously assumed.
Instead, a ring-opening isomerization leading to 1,4-pentadien-3-yl anion takes place.
However, the 1-bicyclo[1.1.1]pentyl anion could be prepared via the fluoride-induced
desilylation of 1-fert-butyl-3-(trimethylsilyl)bicyclo[1.1.1]pentane (23)'7°.

i%)g’/
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Bicyclo[2.1.0]pentane (24) has a calculated strain energy of 57.3 kcal mol~!, which is
approximately the sum of those of cyclopropane and cyclobutane!®". This molecule has
a remarkable structure. It is one of the few compounds in which the cyclobutane ring
is planar and the zero bridge bond length is only 1.439 A and the opposite CC distance
is 1.622 A'81-184 The barrier to skeletal inversion of 24 and its methyl derivatives has
been measured in the gas phase using appropriately deuteriated molecules (Figure 14)'83.
A barrier (E,) of 37.8 kcal mol~' was found for the parent molecule and the reaction is
believed to proceed via a diradical intermediate. The potential energy surface for bicy-
clo[2.1.0]pentane has been calculated by semiempirical and ab initio MO calculations
(6-31G** basis set and MP2 or MP4 perturbation theory)'3®. The predicted equilibrium
geometry of 24 and of the 1,3-cyclopentanediyl radical, the barrier for the ring inversion
and the fundamental frequencies of bicyclo[2.1.0]pentane were calculated. The calculated
barrier was in excellent agreement with experiment.

The stereochemistry of bicyclo[2.1.0]pentane hydroxylation has been investigated by
ab initio MO calculations and its relevance to cytochrome P-450 hydroxylation has
been discussed (Figure 15)'¥7. Both the endo- and exo-bicyclo[2.1.0]pent-2-yl radicals
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FIGURE 14. Deuteriated molecule for the study of the skeletal inversion of 2483
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FIGURE 15. Reaction scheme for the hydroxylation of bicyclo[2.1.0]pentane by cytochrome P-450

are appreciably pyramidal, but are nearly equal in energy (AE < 0.3 kcalmol ') and are
separated by a very low (<0.4 kcalmol™!) barrier. This small barrier disappears when
corrections for zero-point energy are added. Even though the endo and exo bond strengths
are nearly identical in bicyclo[2.1.0]pentane, abstraction of the endo hydrogen via the OH
radical is favored over the exo hydrogen by 1.4 kcalmol~!. The endo preference can be
ascribed to stabilization by the cyclopropylcarbinyl moiety.

Bicyclo[2.1.0]pentane reacts with acetic acid to give cyclopentyl acetate and cyclopen-
tene. Reactions with stronger acids are more rapid and give different product ratios'®8.

Spin—spin coupling constants '*C—'3C of bicyclo[2.1.0]pentane and bicyclo[2.2.0]
hexane and several derivatives have been calculated within the self-consistent theory
of finite perturbation SCPT INDO using previously optimized geometric parameters.
The results show unusually small s-character of hybrid orbitals in the bridge bond:
4.8-8.8% in the derivatives of the bicyclo[2.1.0]pentane and 11.3-12.9% in those of
bicyclo[2.2.0]hexane'®.

Bicyclo[2.1.1]hexane!®® and bicyclo[3.1.1]heptane!®! have also been analyzed by elec-
tron diffraction. The photoelectron spectrum!'®? of bicyclo[2.1.1]hexane supports the revised
structure given by Chiang.

The skeleton of bicyclo[3.1.1]Theptane makes part of the pinane monoterpenes'®>. The
13C NMR chemical shifts of bicyclo[3.1.1]heptane derivatives have been correlated with
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geometries obtained from molecular mechanics force-field calculations. For the parent
hydrocarbon chair geometry minima were observed, although their interconversion is
calculated to be rapid (AH* ca 0.6 kcalmol™!) so that an average flat Y form can be
assumed for the ground state'®*. In 6,6-dimethylbicyclo[3.1.1]heptane (25), the C3-atom
is tilted towards the C;-methylene group as expected from steric reasons!'®.

&

25

Treatment of the B-pinene derivative 26 with HBr reveals an interesting selectivity in
the formation of the product as shown in Figure 16, probably originating in a conforma-
tional effect®> 19, The fused cyclohexane ring induces a conformation that facilitates the
migration of the CH, moiety.

13C_H coupling constants have been correlated with electronic structure in bi- and
polycycloalkanes'®’, and with bond angles'*®°°. Quantum-chemical models have been
used to generate Muller—Pritchard-type expressions [' J ('*C—"H) = const. x % s-C, where
s-C is the s-contribution to hybrid carbon orbital] for the prediction of one-bond C—H

(26) / X

FIGURE 16. HBr-induced rearrangement of 2633 1%
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spin—spin coupling constants, in a series of bi- and polycyclic compounds. The best fit
was obtained when the model includes contributions from the atomic charges (gy and gc)
along with the s character at carbon.

Nonbonded interactions between the bridgehead C atoms provide positive contributions
to both J('3C-"°F) and J('H-'°F) in bicyclic systems?!-200-201,

Thermolysis of spiro[2.4]hepta-1,4,6-triene (27) at 50 °C yielded bicyclo[3.2.0]hepta-
1,3,6-triene as an unstable intermediate, 28. This intermediate dimerizes exclusively to
the two different cyclobutanes shown but not to the other isomers. Ab initio calcu-
lations indicate that the two strained olefins 27 and 28 have similar energies about
50 kcalmol~! lower than norborna-1(7),2,5-triene, which thus could be excluded as a
reaction intermediate?%2.

27) (28)
{10)

V. CYCLOBUTANE IN POLYCYCLIC SYSTEMS
A. Some Highly Symmetrical Polycyclic Derivatives

In this section some symmetrical and strained polycyclic derivatives containing the
cyclobutane ring are described. Wiberg has written a review about these simplest cage

molecules?*?, and Michl and coworkers another one on bicyclo[1.1.1]pentanes, [1.1.1]pro-
pellanes and staffanes?**.
1516 A
1.569 A
1.558 A
3 (29)

Tricyclo[3.3.0.0%%Joctane (3), mentioned earlier, contains a tetrasubstituted cyclobu-
tane ring. The parent molecule has been prepared by photocyclization of cis,cis-1,5-
cyclooctadiene?®-207 and its structure was determined by electron diffraction experi-
ments?%®. The two carbon distances in the ethylene bridge are rather extreme. The perfluoro
derivative was earlier prepared from hexafluorobutadiene’” and has a disordered structure
in the crystal with four different C—C bond lengths in the cyclobutane ring ranging from
1.439 to 1.514 A according to X-ray diffraction data?!?.
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The electron-diffraction data of gaseous cubane (29) are consistent with O, symmetry
and the two geometrical parameters are dc_c = 1.575(1) Aand dc_y = 1.100(6) A. Thus,
the C—C bond is much longer than in cyclobutane?!!.

Schleyer and coworkers have examined the concept of antiaromaticity applied to
cyclobutane and cubane as well as the possibility of spherical homoaromaticity of sym-
metrical molecules such as the neutral dodecahedrane analog C;oHj, possessing an
inscribed cubic Cg and eight m-electrons and thus satisfying the 2(74-1)? rule for spherical
aromaticity?®® 212,

Polymerization of [1.1.1]propellanes gives the so-called [n]-staffanes (30), structures
which have been proposed to exhibit potential electron-relaying properties?? 213214,

T
n
(30)

Szeimies and coworkers have recently synthesized symmetrical 3,3’-disubstituted 1,1’-
bi(bicyclo[1.1.1]pentanes) via a bridgehead-to-bridgehead homocoupling of bicyclo[1.1.1]
pent-1-ylmagnesium halide catalyzed by palladium(II) (Figure 17)21°.

Only 1.1 mol percent of bis(acetonitrile)palladium(II) chloride and two equivalents of
bromomethane were necessary to accomplish this reaction. The bromomethane formed in
the first step is essential to convert Pd’ to Pd. An X-ray structure of the diisopropyl
derivative shows a nonbonded C;—Cj distance of 1.907 A in the bicyclo[1.1.1]pentyl
subunits.

B. Fenestranes

A molecule that has attracted considerable attention is the so-called fenestrane (also
called windowpane), since the central carbon atom must have strongly distorted bonds.
Nomenclature and stereochemistry of fenestranes is illustrated in Figure 182!, The cis
and trans junction around the bonds from the central carbon atom defines the stereochem-
istry. No [4.4.4.4]fenestrane derivative has been prepared yet, but computations propose
a strain energy of 177.5 kcalmol™!2!7. Several homologs, e.g. 31'% and 32%'°, have
been prepared, and c,c,c,c[5.5.5.5]fenestrane has D, symmetry according to an electron-
diffraction study?%.

Br

Br\i>/CH2C1 2 eqv. MeLi @ RMgBr o 6‘7 MgBr
CH,CI

Pdll

RWR

FIGURE 17. Synthetic sequence for the symmetrical 3,3’-disubstituted 1,1’-bi(bicyclo[1.1.1]pen-
tanes)?!®
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. CO,CH;
O' e
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H H H

H H CH;
¢ c-[4.4.4.4] ¢ t-[4.4.4.4] 31 32)
fenestrane fenestrane

FIGURE 18. Various fenestrane analogs

H  .coH

H CO,H
33) 34)
(S)-spiro[3.3]heptane-2,6-dicarboxylic acid (1S,trans-6)-spiro[3.3]heptane-1,6-dicarboxylic acid

35)
(R)-1,1,5,5-tetramethyl-spiro[3.3]heptane

FIGURE 19. Some chiral spiro[3.3]heptanes

C. Spiranes

Spiranes containing the cyclobutane moiety possess interesting stereochemical prop-
erties. The parent molecule, spiro[3.3]heptane, was obtained from spiro[3.3]heptane-2-
carboxylic acid after treatment with Pb(OAc), and iodine, and the product 2-iodospiro[3.3]
heptane with Li and tert-BuOH??!. If we consider the two dicarboxylic acid derivatives
and the tetramethyl derivative in Figure 19, 33, which displays axial chirality, has S
configuration and 34 has four stereoisomers, two diastereomeric (cis and trans) pairs of
enantiomers. 35 is confusing, since it would appear to have a stereo-axis, but for the pur-
pose of nomenclature the central carbon is treated as a stereogenic carbon, one arbitrary
substituted branch is given highest priority, the other branch in the same ring priority 3
and the corresponding branches in the other ring are given priority 2 and 4, respectively.
This leads to R configuration for the central atom'#’.

Treatment of the bicyclo[2.2.0]hexane derivative 36 with silver perchlorate produces a
carbocation, which undergoes a cascade of rearrangements and the formation of a tricyclic
system containing the spiro[3.3]heptane moiety®??.
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Ag Ag
+
=+

(36)

Ag

D. Rotanes

[m.n]Rotanes are molecules which are composed of a central m-membered ring and m
n-membered rings attached to the m-ring in a spiro fashion. One of the first examples is
[4.3]rotane???22* and other rotanes are given in Figure 20.

Fitjer and coworkers have prepared and conformationally characterized several rotanes
containing cyclobutane rings?>>=2%7. The structures of the compounds were determined
by X-ray analyses and by force-field calculations. They found that when the size of the
central ring increased, the bond angles of this ring increase while the bond angles at
the spiro center of the spiroannelated cyclobutane rings decrease. As a consequence, the
cyclobutane rings undergo structural changes from a regular trapezoid in [4.4]rotane to a
kite with the smallest angle at the spiro center in [5.4]rotane and [6.4]rotane. At the same
time their puckering decreases, until in [6.4]rotane they are close to planar. Furthermore,
the conformation of the cyclohexane ring and the barrier to inversion depended strongly
upon the opening angle of the exocyclic substituent.

Hexaspiro[2.0.3.0.2.0.3.0.3.0.3.0]docosane (37) and hexaspiro[2.0.3.0.3.0.3.0.3.0.3.0]-
tricosane (38) have been synthesized from spiro ketones 39 and 40, respectively??®. Chair
conformations of the cyclohexane rings were found in the solid state and in solution.
The activation parameters of the chair-to-chair interconversion were determined from
dynamic '"H-NMR and 3C-NMR spectroscopy. The results were as follows: 37: AH* =
11.7 kcalmol~!, AS* = —5 calmol~' K1, AGE98 = 13.1 kcalmol™'; 38: AH* =12.2
kcalmol~!, AS* = —2.9 calmol~! K !, AGE98 = 13.1 kcal mol~!. These barriers are only
ca 2.5 kcalmol™! higher than that of unsubstituted cyclohexane. Stereoselective labeling
of [6.4]rotane in the a-position giving [1-'*C]-[6.4]rotane turned out to give conforma-
tionally stable isotopomers with the '*C-atom in axial or equatorial position, respectively,

Faok oo 8%

[4.3]rotane [3.4]rotane [4.4]rotane
[6.4]rotane

FIGURE 20. Some rotanes containing the cyclobutane ring
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and the equilibration could be examined. A free energy of activation for the chair-to-chair
interconversion of AG* = 37 kcalmol~' was determined. This is the highest barrier of
inversion ever reported for a cyclohexane derivative. A comparison of 38 with [6.4]rotane
reveals a most remarkable difference of 24 kcal mol~! only from expanding a single spiro-
cyclopropane ring by one carbon unit.

37 (38) 39 (40)

VI. STEREOCHEMISTRY OF RING CLOSURE AND RING-OPENING REACTIONS

The thermal suprafacial [2 + 2] cycloaddition of olefins is forbidden as a concerted reac-
tion by orbital symmetry. Most thermal [2 + 2] cycloadditions take place via diradicals
or zwitterions of the 1,4-tetramethylene type®®. Quantum-chemical considerations indi-
cate that diradicals and zwitterions are not alternatives, but the extremes of a continuous
scale. Competition phenomena (ring closure, rotation, dissociation) observed for these
tetramethylene derivatives are consistent with true intermediates. Trapping reactions of
tetracyanoethylene and enol ethers show that the intermediates are best described as zwit-
terions. Huisgen argues that the widespread opinion that orbital control may be ignored in
the discussion of two-step cycloadditions is erroneous in that the two-step reactions are
likewise forbidden by orbital symmetry, although the activation energy should be lower
than that for the concerted process.

The thermolysis of cis- and trans-1,2-dimethylcyclobutane is a classic kinetic study of
cyclobutane decomposition??®2*0, The stereochemistry of the fragmentation and isomer-
ization of cis-1,2-dimethyl-anti-cis-3,4-dideuteriocyclobutane (41) and trans-1,2-dimethyl-
cis-3,4-dideuteriocyclobutane (42) has been reported by Wang and Chickos?3!. At 510°C
compound 41 is fragmented to cis-/trans-MeCH:CHD (1.5:1, major pathway, Figure 21),
cis-/trans-2-butene (1.4:1) and cis-/trans-DCH:CHD (1:1, minor pathway). Recovered
cyclobutanes contained products in which one or both CH—CHj; groups had rotated with
a relative frequency of ca 4:6. Compound 42 behaved similarly. Recovered 41 from 42
thermolysis consisted mainly of equal amounts of 41 and its cis-syn-cis isomer 43. This
thermochemical reaction was suggested to proceed via 2,5-hexanediyl (major pathway)
and 3-methyl-1,4-pentanediyl (minor pathway).

Von Doering and coworkers explain the thermal rearrangements of cyclobutanes to
ethene derivatives as an example of a ‘not-obviously concerted’ reaction—made possible
due to their considerable strain energy. They have designed systems for the study of the
stereochemistry of this kind of reaction (Figure 22)>32:233, The authors have performed an
extensive kinetic study of the fragmentation, stereomutation and ring enlargement of the
cyclobutane ring. The same stereoisomer was obtained regardless of whether starting from
the cis or the trans isomer. An analysis of the results led the authors to draw conclusions
that the diradical is removed from the ‘caldera’ of rotationally labile conformations when-
ever the two radical centers come within bonding distance and in an appropriate orbital
orientation. Still the lifetime of the diradical is long enough for enabling conformational
changes leading to the observed spectrum of products.



110 Ulf Berg
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FIGURE 21. Thermolysis of cis- and frans-1,2-dimethylcyclobutane-d, via the major pathway. 42
and 42* are enantiomers?’!

A constrained system, 44, was designed to preclude an antiperiplanar conformation
to the intermediate diradical (Figure 23). Comparison of stereomutation to fragmentation
ratio with that of unconstrained 1,2-dicyanocyclobutane reveals that stereomutation (trans-
44 = cis-44) is strongly favored compared to fragmentation (44 — 45)?33.

Intramolecular photocycloaddition of cis-1,2-bis(m-vinylphenyl)cyclobutane (46) gave
three [2.2]metacyclophanes 47—-49%3*. According to X-ray analysis of 47 the aromatic
rings were shown to be tilted 31-34° relative each other. Compounds 48 and 49 inter-
converted slowly in solution with an equilibrium ratio of 60:40. Reduction with sodium
in ammonia converted 47—49 to 50.

A series of metacyclophanes containing the cyclobutane ring has been prepared and
their conformations studied?®. Dimethoxy[n.2]metacyclophanes 51 (n = 2—6) were ob-
tained stereoselectively in 61-87% yields via [2 4 2] photocycloadditions. The prod-
ucts were found to reside exclusively in syn conformations for n = 3-6, while the
dimethoxy[2.2]metacyclophane exists as a 4:3 mixture of syn and anti isomers. Birch
reduction of 51 gave the [n.4]metacyclophanes 52 (n = 2-6) in 59-94% yields. The
conformations of 52 (n = 2—-4) are anti and those of 52 (n = 5-6) are syn. Compound
51 could be demethylated and, after successive triflation, vinylation and stereoselective
photochemical cycloaddition reactions, three-bridged [7.2.2](1,3,4)cyclophanes 53 were
prepared. The two cyclobutane rings of 53 are located opposite to each other. Birch reduc-
tion/cyclobutane ring cleavage of 53 gave the corresponding [n.4.4](1,3,4)cyclophanes.
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. \ CN

CN NC H

CH; CH;

FIGURE 22. Reaction scheme for fragmentation of the cis isomer (upper reaction) and ring enlarge-
ment of the trans isomer (lower reaction) of 1-cyano-2-(E and Z)-propenyl-cis-3,4-dideuteriocy-
clobutane
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FIGURE 23. Stereomutation and fragmentation pathways of cis- and trans-44
(46)
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Three-bridged [n.2.2](1,3,5)cyclophanes 54 (n = 2, 3, 4) were prepared stereoselectively
in 31-78% yields via analogous photocycloaddition reactions. The configurations of the
cyclobutane rings relative to the methoxyl groups in 54 were confirmed to be anti by
NOESY experiments.
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OMe OMe
MeO OMe
. (CHy)4
CHZ - (CHZ)n—l CH2 - (CHZ)nfl
(51) (52)

(53) (54

Allenes undergo [2 + 2] cycloaddition reactions with various alkenes such as Cl,C:CF,,
CH,:CHCN, CH,:CHCO,Me, N -phenylmaleimide and cis- and trans-EtO,CCH:CHCO,Et
142,236 Product analysis indicated a two-step reaction of the general type shown in
Figure 24. The differences in stereochemical preferences are ruled by differences in the
degree of development of the transition states for diradical intermediate formation with
different dominant steric interactions.

Pyrolysis of 1,8-divinylnaphthalene produces a mixture of 1,3-(1,8-naphthylene)cy-
clobutane (55) and 1,2-(1,8-naphthylene)cyclobutane (56)?%”. Labeling experiments and

Y
Y
v R
CHY
XHC™

FIGURE 24. Mechanism of the [2 + 2] cycloaddition reactions indicating a two-step process via
diradical intermediates!'#? 236
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comparison with the photoinitiated reaction were consistent with a diradical pathway in
which diradical formation from the syn conformer predominates over that from the anti
conformation.

O O O
e Ve

(55) (56)

On the other hand, photodimerization of olefins is an allowed concerted reaction in the
singlet excited state, thus usually predicted to result in retention of the relative config-
uration. This is true for olefins such as cis- and trans-2-butene?8. However, there exist
exceptions where this stereospecificity is violated, particularly in the photocyclization of
cycloalkadienes. These reactions are understood in terms of a cis—trans addition as a
result of a Mobius orientation (57) of the alkenes?*°. Mébius arrangement in the ground
state is found in certain strained cyclodienes such as cis,trans-cycloocta-1,5-diene?#0- 241,

b ‘ﬂ
(57)

Thermolysis of vinylcyclobutanes produces two products given by a retro [2 + 2]
cleavage and cyclohexenes??. The reaction involves a tetramethylene diradical able to
adopt various conformations along a broad flat potential-energy surface leading to the
different products (Figure 25).

The thermally induced retro [2 + 2] cleavage and rearrangement of the conformation-
ally biased 5-methylenespiro[3.5]nonane and 5-methylenespiro[3.4]octane (58) revealed

FIGURE 25. Reaction scheme showing the thermolytic pathways of vinylcyclobutane®*?
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FIGURE 26. Products from thermal [2 4 2] retro reaction of 58%*3
CH; F
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(62)

FIGURE 27. Cycloaddition of allene 59 to various alkenes>**

different rearrangement to cleavage distribution compared to conformationally unbiased
vinylcyclobutanes as shown in Figure 26>*3. The results of the kinetic analysis suggest
that the rearrangement in unbiased systems results from an unfavorable entropy of activa-
tion, originating in a concerted rearrangement. The secondary deuterium kinetic isotope
effect for the rearrangement of 58 was ky/kp = 1.086 = 0.023. This is also consistent
with a concerted rearrangement, where exo-methylene rotation contributes to the reaction
coordinate. The secondary KIE for cleavage was given as 1.025 &£ 0.027.

Cycloaddition of the allene 59 to F,C:CFCl, F,C:CCl, and CH,:CHCN gave cis- and
trans-2-chloro-2,3,3-trifluoro-1-isobutenyl-1-methylcyclobutane (60), 2,2-dichloro-3,3-
difluoro-1-isobutenyl-1-methylcyclobutane (61) and 4-cyano-1,3,3-trimethylcyclohexene
(62), (respectively (Figure 27)>**. The reaction was expected to be preceded by
isomerization of 59 to the butadiene derivative prior to cyclization. '°’F NMR indicated
that 60 is puckered with the isobutenyl group in an equatorial position.

Gajewski and Chang prepared and deaminated 2-deuteriospiropentylamine (63) in order
to shed light on the possible existence of trimethylenemethane methyl cation as an inter-
mediate. Three products were obtained, but not the 3-deuteriomethylenecyclobutyl acetate,
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ruling out trimethylenemethane methyl cation as an intermediate®”. The stereochemistry
of the deamination of (—)-63 in acetic acid was found to proceed with essentially com-
plete inversion of configuration, suggesting that it is formed via an Sy2 displacement on
the spiropentyldiazonium ion?*.

NH, OAc
HONO
- D
><E HOAG [><L + D + < >
D D OAc OAc

(63)

Lillien and coworkers studied the deamination of cis- and trans-3-methylcyclobutylamine
and the corresponding isopropyl derivatives?*’-248, In the methyl case they obtained the same
four products, but in significant different ratios for the two stereoisomers: 4-penten-2-ol
(18% from cis, 59% from trans); 1-cyclopropylethanol (60% from cis, 20% from trans);
cis-2-hydroxymethyl-1-methylcyclopropane (18% from cis, 0% from trans) and trans-2-
hydroxymethyl-1-methylcyclopropane (2% from cis, 21% from trans). The stereospecificity
in formation of 2-hydroxymethyl-1-methylcyclopropane was explained in terms of orbital-
symmetry considerations over a concerted reaction, which is conformationally more facile
for the trans-cyclobutyldiazonium intermediate.

In a mechanistic study Hoz and coworkers showed that acid-catalyzed addition reac-
tions of methanol to derivatives of bicyclobutane are usually syn and in an equatorial
fashion (Figure 28), and may proceed by more or less concerted attack of proton and
nucleophile®*®. Reaction with hydride was also shown to favor equatorial attack®°.

Reaction of carbenes with bicyclobutane gives a pentadiene as the major product and,
at best, traces of bicyclo[1.1.1]pentane®!:232, The favored pathway is a concerted endo
attack (pathway (1) in Figure 29). Product from pathway (2) corresponding to exo attack
was not observed.

R CN R CN

NI N

FIGURE 28. Preferred attack syn, equatorial, as shown in the formula on the left?*%-2%
CX, y

RW R
CX,
L<2> R

R
1 X
N4 & ¥
CX,
2)
R

FIGURE 29. Reaction with carbenes follows preferably route (1). X = Cl or CO,CH;3>!:22
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Trans-2,4-Diphenylcyclobutanes, 64 and 65, undergo competitive syn and anti dehy-
drohalogenation. The anti dehydrohalogenation of 64 was suggested to be ruled by the pre-
ferred diequatorial conformations of the cis nitro groups in the puckered cyclobutane rings.
In 65 both nitro groups cannot reside in an equatorial position, which leads to less puckered
cyclobutane ring. Dehydrobromination is 5—7 times faster than dehydrochlorination®33.

Ph Br
Y
Ph
cl Bace Y = Br (12%)
NO, Y = Cl (88%)
-HX NO2
NO, Ph 0N
“‘” |
Ph  NO, Ph  NO, Ph NO
2
cl Base 4 Y
Br -HX Y
Ph
NO, Ph O:N Fh NO,
(65) Y = Br (12%) 2{( = gf ggf%)
Y = Cl (13%) =

In contrast to the five-membered analog, «-halo(or a-tosyloxy)cyclobutanone (66)
undergoes ring contraction with high yields with various nucleophilic reagents (Figure
30)%4. From mechanistic investigations, the semibenzilic pathway leading to undeuteri-
ated 67 is proposed for these conformationally controlled rearrangements instead of a
Favorskii-type rearrangement. Thus, neither carbanions nor carbocations are involved.

Even though Baeyer—Villiger oxidation with hydrogen peroxide normally selectively
converts cyclobutanones to butyrolactones, this reaction has occasionally been found to
lead to surprising results. A diastereomeric mixture of 68 gives the diacids 69 under these
reaction conditions?>.

(66) (67)

FIGURE 30. Alternative pathways for ring contraction of 2-bromocyclobutanone?>*
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H,0,, OH™ OH

(68)
i

HOOC —~ N TS COOH
(69)

VIl. NATURAL PRODUCTS

The cyclobutane ring is present in numerous naturally occurring molecules, many of
which possess biological activity. Several of these cyclobutane derivatives are highly
substituted and have intriguing stereochemical properties, often possessing complex poly-
cyclic structures, which offer challenging synthetic targets. Hansen and Stenstrom have
recently written a review on naturally occurring cyclobutanes®°. This section presents
examples from the field of natural products containing the cyclobutane ring without any
ambition to cover the field.

A. Cyclobutane Derivatives in Nature. Structure and Synthesis

The cyclobutane ring frequently occurs in small, volatile molecules from the plant or
insect kingdoms and often forms part of the chemical language of their host species. The
stereochemistry is usually of vital importance for the biological effect.

Some simple examples are grandisol (70), the aggregation pheromone of the Cotton
Boll Weevil and other insects, its trans stereoisomer fragranol (71), isolated from the
roots of Artemisa fragrans, and the sex pheromone of the citrus mealy bug (72)%.

H/ OAc  (72)

The development of methodologies for the synthesis of functionalized four-membered
rings is obviously of interest. An asymmetric synthesis of 70 has been described using
kinetic resolution of a bicyclic allylic alcohol by Sharpless asymmetric epoxidation®®,
The synthesis of cyclobutane fused y-butyrolactones has also been used for the synthesis
of grandisol*. The two approaches are shown in Figure 31.

The stereoselective synthesis of highly functionalized cyclobutane derivatives has been
reported by Paquette (Figure 32)%%°. The ring contraction induced by treating 4-vinylfu-
ranosides (e.g. 73) with zirconocene in the presence of boron trifluoride etherate was
found to be sensitive to substitution pattern, giving products of high diastereoselectivity. A
stereoselective synthesis of cyclobutane derivatives through a radical 4-exo-trig cyclization
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FIGURE 31. Synthetic strategies for preparation of grandisol (70)>% 2%
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FIGURE 32. Reaction scheme for the synthesis of highly functionalized cyclobutanes’® PMB =
p-methoxybenzyl, SEM = 2-(trimethylsilyl)ethoxymethyl

with samarium(IT) iodide has been described by Weinges and coworkers?®'. The key
intermediate substrate, 74, is easily obtained from enantiopure (—)-pantolactone.

OH
PhCH; A~ gmi, PRCH2(  OH
o — ——
Io} F COLE CO,Et
(74)

Pinane derivatives are a popular starting material for the stereocontrolled synthesis.
Selective cleavage by the use of vanadium based heteropolyanion and oxygen gives
excellent yields of pinonic acid ester (75)%%2.
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75)

Allylic metalation of B-pinene (76) is much faster than for «-pinene (77) due to steric
interactions in the initial state, which are relieved by metalation?%3.

CH; CH; CHj CH;
\//H4 BuLi
TMEDA H
fast /
(76) (77)

Chiral cyclobutanones, e.g. 78, easily obtainable from cyclopropylene butanol, have
been identified as versatile synthones for the syntheses of various cyclobutane containing

natural products?6*,

asymmetric 0
OH  epoxidation \ (0] - OH

(78)

Squarate esters have found use in the synthesis of natural products and other com-
pounds. Moore and coworkers developed a route to precapnelladiene (79), starting from
diisopropyl squarate using an intramolecular [2 4 2] cycloaddition to the bicyclo[3.2.0]
heptanone system as a key step?%.

The natural product caryophyllene (80) is a sesquiterpene possessing the bicyclo[7.2.0]
undecane skeleton and has been known for a long time. The conformation and dynam-
ics of B-caryophyllene has been investigated in a detailed low-temperature NMR study
by Fitjer and coworkers?%®. Among the four considered conformations (xe, a8, o and
BB, indicating the orientation of the exocyclic and intracyclic double bonds, respectively,
where o referring to the group pointing upward and B downward in the average plane
of the molecule), the following conformations were found: oo (48%), Ba (28%) and
BB (24%), while of is not populated appreciably (Figure 33). It seems obvious that the
trans-fusion between the rings plays a decisive role in the determination of the stability
of the conformations. The highest barrier, «« to B8 interconversion, was determined as
16.1 kcalmol™! and the barrier ¢« to Ba, measured on an exo-methylene '3C-enriched
compound, as 8.3 kcal mol~!. Clericuzio and coworkers investigated the conformational
space of B-caryophyllene on the ab initio 6-31G*/HF and MP2 levels and with density
functional methods (B3LYP/6-31G*), for their relative thermodynamic stabilities?®’. The
aw is predicted to be the most stable geometry, in agreement with low-temperature NMR
measurements. In the case of 6-hydroxycaryophyllene, the oo is still the most stable
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/ TMSO /

i-PrO 0 0 \ 0

i-PrO o OTMS

-

(79)

conformation when the configuration at C-6 is S, but when the configuration is reversed
to R the BB geometry becomes the most stable one. This is again in agreement with
NMR data. The solvent effect (either chloroform or water) on the stability of the dif-
ferent conformers of B-caryophyllene and 6-hydroxycaryophyllene was studied by the
polarizable continuum model.

H

,

H
(80)

Torsional equilibration between (E)-isomeric caryophyllene and the (Z)-isomeric iso-
caryophyllene occurs slowly in the presence of base at —50°C in THF and rapidly at
0°C in hexane to afford endo/exo mixtures of about 95:5 (Figure 34)2%%. The interme-
diate salts could be trapped by consecutive treatment with fluorodimethoxyborane and
hydrogen peroxide.

When B-caryophyllene is treated with sulfuric acid in ether, a multitude of products are
obtained, including fourteen hydrocarbons and four alcohols. Product analysis together
with MMP2 calculations allowed for an understanding of the complete rearrangement
scheme of the intermediate cation®®’.

The structure and biosynthesis of the dunniane class of sesquiterpenes has been publish-
ed?’°. An example, illudosone (81), exists as a mixture of free aldehyde and hemiacetal®’!.
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FIGURE 33. The four conformers of S-caryophyllene (80). Reprinted with permission from Refer-
ence 267. Copyright (2000) American Chemical Society

\licmsi(CH;); K+CH251(CH3)3/ ,

endo

1. (CH;0),BF

2. H,0, \ 1. (CH30),BF
2. H,0,

OH

FIGURE 34. Base-induced equilibration of (E)- and (Z)-isomeric caryophyllene?®®
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OH
(81

AS-Protoilludene (82), isolated from various fungi, exhibit antibacterial activity as do
some other illudane derivatives?’2. The ring skeleton has been the subject of synthetic
approaches, one of which is a biomimetic synthesis from humulene (83) (Figure 35)>"3.
Italicenes have a nonlinear 6/4/5 ring motif and several members of the class, e.g. both
epimers of 84, have been isolated from oil from Helichrysum italicum collected from the
Mediterranean region?’*. Marine species occasionally contain halogenated products such
as perforatone (85), isolated from an algae off the Canary Islands®’>.

N
H o ro
--Br
) Br’
H i
(82) (84) (85)

B. Natural and Artificial Cyclobutane Amino Acids

Peptide-based drugs have poor bioavailability and CNS penetration due to their sus-
ceptibility to metabolizing enzymes. Peptidomimetics are being increasingly used to

OAc

(83)

2. K,CO5/MeOH | 1. HCO,H/Ac,O

HO

FIGURE 35. Schematic synthesis of the illudane skeleton from humulene (83)>73
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enhance the metabolic stability and oral bioavailability. The cyclobutane skeleton has been
explored for this purpose, but also as a template for the distribution of pharmacophores in
desired positions. The limited conformational freedom of the cyclobutane ring facilitates
the design of peptide-based drug candidates. Conformational energy calculations have
been conducted on model compounds containing 1-aminocyclobutanecarboxylic acid and
derivatives substituted in the 2- and 4-positions using molecular mechanics methods®’S.
The low-energy models adopt conformations characteristic of a variety of regular pep-
tide structures.

1-Aminocyclobutane carboxylic acids, or 2,4-methanoamino acids, have been isolated
from plants and received increasing attention in medicinal chemistry. Cis-2,4-methanoglu-
tamic acid (86) and 2,4-methanoproline (87) were isolated and characterized in 1980%77.
Asymmetric Strecker synthesis of enantiopure 2,4-methanovalines, 88 and 89, has been
accomplished from racemic 2-methylcyclobutanone®’8. The trans a-amino acid (88) was
obtained from cyanide addition carried out in methanol, whereas the cis 2,4-methanovaline
(89) was accessible via reactions in hexane.

COOH _ COOH COOH
COOH R
DL'NHz 6/ DL-NHz ﬁ'-NHz
. NH
HOOC
(86) 87) (88) (89)

(—)-(1R,25)-2-Aminocyclobutane-1-carboxylic acid as well as some fully and par-
tially protected derivatives have been synthesized in optically active form by means of a
chemoenzymatic transformation®”.

Cis- and trans-3-aminocyclobutane-1-carboxylic acid have been synthesized as con-
formationally restricted analogs of GABAZ. The cis isomer had weak to moderate
GABA-like activity with respect to inhibition of GABA uptake. The lower activity of
the trans form was explained in terms of unfavorable steric interactions between one of
the methylene groups in the cyclobutane ring and a region of steric hindrance at the active
sites of the receptor. The interpretation is hampered by the existence of two conformations
in each isomer (Figure 36).

Enantiomerically enriched N-protected 1,3-cyclobutane amino acids have been prepared
from o-pinene. Both enantiomers of (—)-3-[[(1,1-dimethylethoxy)carbonyl]amino]-2,2-

CO,~
+ /v\ +
HiN CO; HiN
4 +
NH; CO,” NH;3
v ~" “cor
cis trans

FIGURE 36. Conformational flexibility in cis- and trans-3-aminocyclobutane-1-carboxylic acid?®?



FIGURE 37. Schematic syntheses of the two enantiomers of 90 from «-pinene
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BocNH_

e
- (90)

"COOH
CH;CO,

0 ‘COOH \
HOAC,

N

“NHBoc
(90%)

281

dimethylcyclobutanecarboxylic acid (90) were prepared from the same «-pinene (Figure
37)?81. Single-crystal X-ray diffraction studies of derivatives of 90 reveal that these com-
pounds can have extended conformations and give rise to sheet-like packing in the crystal.
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