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Abstract

This thesis concerns the attempted synthesis of two strained
nonbenzenoid, conjugated bicyclic systems, 1, 4-dehydrobenzene
(butalene or para-benzyne, gﬁ) and the 1, 4~dehydrotropylium ion

(30c). Both 28a and 30c contain a fused cyclobutadiene ring with

A\

V.

[¢]
=
n
1

g o~
[e]

61 _ 30¢c

its accompanying antiaromaticity but overall possess 4n+2 71
electrons. The concept of nonbenzenoid aromaticity as it applies to
compounds such as these is reviewed. The synthstic approach to
28 and 30 systems is based on the pyrolytic cyclization of a 1, 5~
hexadiyne moiety to form a dimethylenecyclobutene, thereby intro-
ducing the strain and unsaturation of the fused four-membered ring
in one step. | |
In Part I, the synthesis and pyrolysis of cis-1, 6~dideutefo—
1, 5~hexadiyn-3-ene (_c_:'g_g—QJQé) is described. By a combination of

nmr and ms techniques, it is demonstrated that cis-60a undergoes
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a degenerate. rearrangement at 200°C in the gas phase at atmos-
pheric pressure, intei*converting cis-60a with its 3, 4~dideutero
isomer cis-60b with an equilibration half-life of 30 sec. None of
the single exchange isomer cis-60c or any trans-60 was formed
in this pyrolysis. These data require a transition state or inter-

mediate between cis-60a and cis-60b with C,, symmetry, i.e.,

.D | /D
oz = X
| | = A
L+ =1
D
cis-60c cis-60a cis-60b

1, 4-dehydrobenzene. Similarly prepared trans-60a did not undergo
isomerization or rearrangement at these temperatures.

Pyrolysis of cis- and trans-60 in solution provided a high
yield of benzene in the presence of hydrogen donors at the expense
of cis-60. In carbon tetrachloride, para-dichlorobenzene was the
major product. In methanol, a 10% yield of benzyl alcohol but no
anisole was formed. Since these are typical products of radical
abstraction, it is suggested that the symmetrical species implicated
in the deuterium scrambling is a true intermediate and of 1, 4-

benzenediyl structure 28d or e (instead of g\?\zi).
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While trabes of benZene were seen in the atmospheric and
vacuum pyrolysis of cis- and %~§Q, no satisfactory gas phase
trapping experiment has been performed. Neither have substantiai
levels of deuterium scrambling been demonstrated in liquid phase
pyrolysis. These points fogether with some indication of the stereo-
specificity of the benzene forming reaction in solution remain o be
answered. The added complication of a possible triplet ground
state for the 1, 4-benzenediyl (gﬁd) must also be resolved before a
truly consistent story can be told. A possible direct route to a
triplet 28d, photosensitized irradiation of cis-60a, failed o produce
scrambling in competition with a demonstrated approach to the
photostationary state. No transfer of acetylenic label was
observed also under direct (254 nm) irradiation of cis-60a.

In Part II, toward formation of the 1, 4—&ehydrotropylium ion
(§\’O\c) as well as the 1,4-dehydrotropyl anion (§Qa) and the bicyclo-
[3.2.0]heptatrien-3~one (52), the. .synthesis of
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bicyclo{3.2.0 Jhepta~1, 4, 6-trienes substituted in the 3-position is
discussed. The required 3-substituted 1, 2-diethynylcyclopropanes
‘were approached via carbene addition to hexadiynenes, eneynes,

and via y-elimination routes. Of these, only the addition of
propargyl carbene to methoxybuten-3-yne (}\?ﬂ) provided any cyclo-

propane product. The 3-methoxy-1, 2-diethynylcyclopropane (§J1\d)

|
hv OCH,
| I

61d

/// OCH,; + HC=C-CHN,

150

SN

A
N, flow, 1 atm

g
| ;>~ OCH

62d

NN

prepared in < 1% isolated yield by this method readily isomerized
to the air sensitive 3~methoxybicyclo[3.2.0 Jhepta-1, 4, 6-triene (62d)
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upon pyrolysis under atmospheric pressure flow conditions at 305°C
(contact time 10 Sec)'. Attempted formation of 30a by ether cleavage
reduction of 62d with potassium led only to polymer without any
evidence for formation of an anion. However, treatment of 62d with
SbF, containing a catalytic amount of HOSO,F in a soft matrix at
~-180°C gave evidence in the nmr of formation of .§\9\c although at.
such low concentrations that a clear spectrum was not obtained.

This interesting result is cﬁrrently under reinvestigation.
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GENERAL INTRODUCTION

Aromaticity and Strained, Cyeclic

Conjugated Hydrocarbons



A Brief History

The chemical and physical properties of cyelic, fully conju-~
gated olefinic molecules ([m ]—annulenes,1 where m = the number of
p-m electron centers, Figure I) have attracted the attention of |
organic chemists since the publication of .A. Kekulé's classical
treatment of the structure of carbon compounds in the years
following 1865. In these papers2 Kekulé proposed the now familiar
resonating cyclohexatriene structure for benzene (4b, Figure D).
This six-carbon compounldi3 containing four units of unsa’cura’cion?t
was known to be the simplest member of a class of compounds
each of which, possessing the benzene ring in its molecular struc-
ture, was characterized to various degrees by ease of formation
(especially in pyrolytic reé,ctions), relative thermodynamic stability,
symmetrical structure (e.g., only one ortho di-substituted isomer),
tendéncy to undergo electrophilic substitution rather than addition
reactions, and general unreactivity under conditions prone to attack
such heavily unsaturated molecules.6 Since many of the natural
oils such as oil of wintergreen, aniseed, sassafras, cinnamon and
vanilla contained benzenoid compounds as their principal compo-
nents, these compounds were classified as émromatic2 and their
properties referred to as aromatic properties.

Attempts to rationalize the unusual behavior of benzenoid
aromatics by a reasonable physical structure for benzene led to
many alternative represen’ta’cions7 (il\a—h, Figure II). Of these, the

most successful structural explanation for the chemical properties
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Proposed Structures for Benzene
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of the aromatic nucleus prior to the discovery of the electron was
made by J. Thiele?® in 1899 (4, Figure ). His theory of par-
tial valence for olefins when applied to benzene predicts a closed
configuration with no free carbon Valenceg(b) in contrast to that
given to carbons C-1 and C-4 in 1, 3-cyclohexadiene (10) by this
method.

Hy,

H_ —

10 10! 4g [x+6] -annulene

Figure III

8

Thiele's™ Partial Valence Representation

(unsatisfied or free valence —> )

Thus the expectation is that }\Q will undergo predominant 1, 4-
electrophilic addition while 4 and in fact all fully conjugated cyclic
molecules (Figure I) will possess completely satisfied olefinic
valences and be relatively inert.

The first test of this hypothesis was provided by
R. Willstitter when in 1905 he attempted preparation of cyclo-
butadiene” ([4]-annulene, 2) and when in 1911 he succeeded in

10

preparing cyclojctatetraene™ ([8 J-annulene, 6). However, the
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quite ordinary polyolefinic chemical nature of cyclo'csc‘ca‘cetrzuenem’11

(vide infra) and the apparent instability (reactivity ?) of cyclobuta-

dieneg’ 1_2

compared to that of the structurally similar benzene
proved that alternating double and single bonds in a cyclic hydro- -
carbon was not a sufficient condition for aromaticity. Nevertheless,
the discovery of the benzene-like properties of the nonbenzenoid
furan (ﬂ), pyrrole (12) and thiophen .(‘53\) rings13 demonstrated
that the cyclic six-carbon triene fl\ was not unique and forced a
definition of aromaticity Whic.h could be applied to completely con-
jugated cyclic or polycyclic molecules in addition to those containing
only benzenoid nuclei.

After the discovery of the electron and the formulation

mainly by Lewis14

of the electronic theory of valence, explanations
for the unusual nature of benzene and its derivatives cente.fed on
the importance of an "aromatic sextet" of electrons. That the
nonaromatic cyclosctatetraene (Q) possessed eight 7 electrons and
the apparently highly reactive cyclobutadiene_(,z\) four lent support

- to the idea that six 7 electrons in a cycle were essential for
aromatic properties.” This rule, stated by Armit and Robinson15
and expressed for benzene by formula 4a (Figure II), correctly
predicted that the cyclopentadienyl amion16 (ia) and the cyclohepta-
trienyl éation” (ic) should be stabilized by an aromatic 7 electron
interaction. However, it required the application of quantum

mechanics to actually provide some theoretical justification for the

importance of -six 7 electrons versus four or eight.



Erich Hﬁchel18 applied the variation principle to the 7 elec-
trons of a fully cbnjugated cyclic system in the years 1931-1937.
Hiickel used linear combinations of atomic orbitals to generate a
set of molecular orbitals possessing the essential symmetry of the
molecule, making the assumption that aromaticity is a property of
the 7 orbitals alone which could be treated separately from the
orthogonal ¢ orbitals. The molecular orbital levels thus generated
were either bonding (stabilized compared to an electron in an
atomic 2p orbital of carbbn), nonbonding, or antibonding (destabilized
compared to a carbon 2p electron). For symmetrical noncyclic
conjugated systems such as cyclobutadiene, benzene, and cyclo-
gctatetraene ([m J-annulenes, Figure I), the molecular orbital
pattern consisfs of one lowest energy orbital and '"n'' pairs of
other bonding or nonbonding orbitals. An [m ]J-annulene will thus
have all its bonding and nonbonding orbitalé fully occupied and
possess a closed shell similar to the completely filled shells of
atomic orbitals in the inert gas (Group Zero) atoms if it contains
4n+2 7 electrons. On the other hand, an annulene with 4n 7 elec-
trons will possess partially occupied bonding or nonbonding orbifals
and a type of 'valence," tending to gain or lose electrons to
achieve a closed shell. Thus the "aromatic sextet” of Robinson
becomes the special. case of n=1 in the 4n+2 rule.

Considering the simplicity of this approach; the success of the
. Hiickel 4n+2 rule for predicting systems which might be stabilized
by an aromatic interaction has been phenomenal. Besides,the

cyclopentadienyl anion (3a) and the cycloheptatrienyl cation (5¢)
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already mentioned, the cyclopropenyl ca’cion19 (e, n=0), cyclo-

21 (7a,

octatetraenyl (jlismlionzO (Qa, n = 2), cyclononatetraenyl anion
n = 2), and [18]~annu1ene22 (9, n=4) are examples of 4n+2 7 Sys-
tems which have been synthesized and found to be relatively stable,
perhaps due to aromaticity (vide infra). Similarly, nonaromaticity

or even aromatic destabilization23

have been proposed for the 4n 7
systems of cyclobutacliene:12 (2, n=1), [16]—annulexaez6 (8, n=4)
and even the nonplanar cyclotictatetraenéll’ 24, 25 (Q, n = 2) for
instancé. However, there' are 4n+2 systems which appear to be
highly reactive or destabilized, for example from Figure I the

cyclosctatetraenyl dica’cion27’ 28

(6c, n= 1) and the cyclobutadienyl
dication?? (2¢, n = 0) or dianion®’ (2a, n= 1), since they have
resisted all efforts at synthesis so far. The first two, 6c and 2¢c,
are open shell systems (even though the unfilled levels are non-
bonding) which may make them unusually reactive, but the latter,
ga, possesses a completely filled valence shell. But the presence
of two negative charges on a four-—membered_' ring may make gia
unstable due to electron-electron repulsion, a factor not taken into
account by simple Hiickel theory.

The nature of aromaticity and its theoretical basis is a

31 challenging both

subject of intense current interest and debate,
the synthetic and thedretical abilities of the organic chemist. Since
the introduction of the concept by Kekulé, several hundred publica-
_ t_ions have appeared in this area, and many excellent reviews are
available.32 It is therefore certainly not my intention to r_eview

this field in its entirety in the context of this thesis, but in the



following sections I have attempted to define aromaticity in terms
of its measurement and to introduce an area of active current

research where many interesting problems arise.
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An Empirical Definition of Aromaticity

The historical definition of aromaticity was based primarily
upon the chemical properties of a substance. Reaction type and
reactivity are, howéver, more functions of the relative favorability
of Vafious transition states leading to prdducts than fundamental
propérties of a molecule itself. In the case of benzene and its
derivatives, which remain the aromatic compounds 'par excellence,'
their tendency to 'retain the type'6 in reactions is a reﬂection of
the fact that transition states which retain or regenerate the
aromaticity of the benzene ring are energetically favored over those
that do not. Thus aromaticity is a state property which contributes
to the stabilization of the state relative to some standard.23 While
it is not a sufficient condition for aromatic stabilization, the
aromaticity of benzene most certainly arises from its cyclic con-
jugation (vide supra). The ideal standard staté for benzene then
would be one which isolates the cyeclic delocalization separate from
all other factors such as the hybridizétion of the carbons, sym-
metry and strain which affect the total energy. |

The two standard states most often employed for potentially
aromatic cyclically conjugated molecules are (1) a system of
paired atomic orbitals with isolated two-electron 7 interaétions and
(2) a linear polyolefin bontaining the same number of atomic centers
with normal alternating 7 interactions. An example of standard
state '(1)' for benzene would be three ethylenes (14, Figure V)

whereas standard state '(2)' would be the cis-1, 3, 5-hexatriene
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vs. 3(CHp=CHy) <:> @
CH,; CHj

14 15 16

Cara Parat N

b

Figure IV
Benzene and Its Standard States

(15, Figure I'V). Of the two, 15 perhaps isolates the cyclicv
delocalization more preciSely since normal polyolefinic "2, 3"

- interactions are allowed as well as the 1,2 7 bonding. But clearly
while hexatriene }\g ié an attainable standard state from a synthe-
sis point of view, it possesses only two such "2, 3"-type in{eractions
instead of the three in localized benzene, thus overestimating the
effect of aromatic delocalization. But even the hypothetical cyclo- |
hexatriene (}Q, Figure IV) would require a symmetry change
including ¢ bond compression and 0,7 bond stretching with their

2 2 aromatic) to form

attendent rehybridization (sp® olefinic — sp
benzene. Seen in this light, aromaticity is a theoretically defined
quantity and not a physically observable one. However, this lack
of appropriate, accessible standard states does not mean that the
aromatic delocalization does not exist as a fa.c’tor over and above
ordinary w conjugation, just that it can never be measured without

reference to a calculated standard.
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Methods for(calculation of the standard heat of formation of
such imaginary compdunds as 16 are available based on the addi-
tivity of group equivalent values determined by computer fitting of
- a large volume of experimental data on linear and cyclic olefiris.36
The aromatic delocalization energies (Table Ia, columﬁ five)
obtained from these numbers and measured heats of formation
(combustion analysis or hydrogenation ‘to compounds Qf known
AHf°) are often quoted in_the literature as experimentally derived.
In reality they include an estimation of the ring strain and the
internal honbonded interactions obtained by analogy to reference
compounds of‘ arbitrarily assigned zero strain. Thus, the signi-
ficance of such values as +0.8 kcal/mole for the aromatic delo-
calization energy of potentially homoaromatic cycloheptatriene or
the -1.1 keal/mole for the potentially antiaromatic although non-
planar cycloﬁctatetraene37 are subject to question as they represent
the limit of detection, errors on the order of +0.5 keal/mole being
not uncommon in such a proceduie. The numbers (AAHf°) in
column four' of Table Ia have been referred to as interaction
energiesS® since they include both strain and aromaticity. Such
numbers may or may not reflect the true aromaticity of a given
system but are at least reliably obtained from exﬁ)erimental data.
The 24 kcal/mole value for the aromatic resonance energy of
benzene calculated from the values in Table Ia is probébly more
- accurate than the other numbers in this table since this molecule
is relatively strain free. In general, however, this method of

measuring aromaticity is difficult to apply since many of the most
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Table la (Continued)

2A11 daté are in kcal/g.f.w. for an ideal gas standard state at 1 .
atm, 298°K unless otherwise noted, The average error in all
columns is ~+0.2 kcal/rﬁole,

bWhere more than one determination is reported, the value preferred
by Cox and Pilcher35 is reported. |
CCalculated from the tables in Benson36 for nonbenzenoid olefins.

dCalculated for hypothetical cyclohexatriene 16.

®Includes ring strain and an estimate of the nonbonded '"cis' inter-
action, ~1 kcal /mole per‘ cis. |

fRing strain assumed to be zero, 3 kcal = 3X value for cis non-
bonded interaction.

SInteraction energy.36

hEmpirical delocalization energy: DE = AAHf" - strain.
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Table Ib

pkp, * and Aromaticity® in Cations

Compotnd pK,,  Swain® aaH® DEl  Ret.
cyclopropenyl (1c) -7.4 54.0 = -3.8 -57.8 19
allyl -20.0 0 0 0 -
cycloheptatrienyl (ic) +4.8 4;7 -10.5 = ~-15.2
heptatrienyl -18.0° 1.0 -0 0 c

%pkp, defined for R™ + H,0 = ROH + oY
bNo-te that this table; in contrast to Table Ia; uses the acyclic ion
as the standard state.

CBased on a measured value of -20 for allyl and 1.0 for each
‘additional 7r~ bond

dsee Table Ta, note c. _

eAAHfz AH° (eyclic) - AH® (acyclic) + AAHf" (alcohols, cyclic -
acyclic), a thermodynamic éycle. |

fEmpirical delocalization energy: DE = AAHf° - strain.
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Table Ic

pK._? and Aromaticity® in Anions

Compound
cyclopentadienyl (ga)

pentadienyl
cycloheptatrienyl (5a)
‘heptatrienyl

pk, Swain? aan® DE'  Ref.

15 6.0 4.1 -10.1 81

35C 0 0o 0
36 4.7 - 15.7 11.0 81
34.5° 1.0 0 0 e

N ‘ _ . L
PK, defined for RH+ HO <= R +HO

b

~as the standard state.

Note that this table, in conmtrast to Table Ia, uses the acyclic ion

CBased on a measured value of 35.5 for allyl - 0.5 for each

additional 7 bond.

dSee Table Ia, note c.

eAAHf° = AH® (cyclic) - DH (acyclic) + AAHf° (hydrocarbons,

cyclic - acyclic)

fEmpirical delocalization energy: DE = AAHf" - strain.
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interesting pbtential aromatics cannot be prepared in suffiéient
quantity for accur‘a’ce 'analysis (approydmafely éne gram for heats
of combustion) and presentyother expériméntal difficulties even when
available since they rarely burn cleanly. Use of the more easily
determined heats of hydro_genation38 to compounds for which
accurate heats of combustion are known is one way around this
latter difficulty for neutral systems. “For cations the pKR +86 and
for anions the PK, on the MSAD scale80 (Tables Ib and Ic) can be
used to give a rough esthhate of the heat 6f formation of these
species based on appropriate standards. At present, hoWever, the
direct calculation of AHf° for a standard. state charged species is
- not possible due to an ab‘sence of the volume of data such as was
available for the neutral hydrocarbons.

Sincev afomatiéity is a function of cyclic conjugation of #
electrons, perhaps some measure of electronic properties will
provide a suitable empirical definition of aromaticity. In this
direction considerable use has been made of the fact that benzene

is strongly diamagnetic40

in the presence of an applied magnetic
field while nonplanar cyclosctatetraene is no’c.41 In general, all
monocyclic 7 systems are predicted by Hiickel theory to possess
relatively high energy excited states, especially if significantly
stabilized as is benzene, and be diamagnetic.42 On the

other hand, a 4n 7 system contains two partially occﬁpied
degenerate nonbonding orbitals in the simple Hiickel treatment

45

(vide spura). Jahn and Teller ° have shown that such systems

should distort geometrically to remove this degeneracy, thereby
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Figure V

Induced Diamagnetism

(-=>=- Larmor flow of electrons, w; Hy the applied magnetic
field, H,, the induced molecular field, —: - - the magnetic

lines of force.)
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lowering the' total 7 energy (neglecting pairing energy). Thus, in
this first order treatment, 4n 7 electron systems are predicted to
have unpaired electrons or low energy electronic transitions

accessible through magnetic dipole interaction and be appreciably

43 [. 7. Dauben® has

paramagnetic in an applied magnetic field.
used the empirical magnetic susceptibility exaltation defined as the
difference between the measured susceptibility and that calculated
for the appropriate 1ocalized cyclopolyene standard state by the
bond equivalent method of Haberdtitzl47 very successfully as an
experimental indication of the extent and type of aromatic charac-
ter. (Selected examples of measured and calculated magnetic
suéceptibilities for neutral monocyclic conjugated systems are pre-
sented in Table II.) These measurements confirm that 4n 7 elec-
tron cyclic systems do indeed have appreciable paramagnetic
character. When corrected for the area of the cyclic system, such
measurements give a quantative as well as a qualitative indication
of the extent of aromatic delocalization.

48 recognized that such induced molecular magnetic

Pople
fields would have a great effect on the chemical shifts of protons
in the nmr spec’ﬁrum. The diamagnetic ring current should shield
the protons inside the ring (Hb in Figure V) causing them to
resonate at much higher field strength than an ordinary olefinic
proton and to a lesser extent deshield the oufer protons since the
field density will bé less outside the ring than inside. Predominant

paramagnetism, on the other hand, should cause outer protons to

resonate at high field and inner protons at very low field.
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Table II

Magﬁeﬁc Susceptibility Exaltation Da’ta46

(in units of -10"_6 cm® mol—l)

Compound _)_(ijf 3 EM’fZ _1_\3
benzene (4) 54.8 41.1 13.7
cyclohexadiene (10) 48,6 49,3 -0.7
cyclopentadiene (3) 44.5 38.0 6.5
cycloheptatriene (5) 59.8 51,7 8.1
cyclosctatetraene (6) 53.9 54,8 -0.9
[16 J-annulene (8) 105 110 -5
pentafulvene (22) 43 41.9 1.1
heptatulvalene (24) 94 92 2
faran (11) 43.1 34.2 8.9
pyrrole (12) 47.6  37.4  10.2
thiophen (13)  57.4 44,4 13.0

+

Axaltation, A= X~ X experimental corrected for a
calculated standard. A large positive difference implies

enhanced diamagnetism and thus aromaticity.
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(Sélected examples of measured chemical shifts for neutral and
_charged conjugate'd systems together with some appropriaﬁe
reference compounds are presented in Table HII.) The consistency
of the chemical shifts of the inner and outer protons of the 4ﬁ and
4n+2 g-electron systems with the expectations of the ring current
theory discussed above is remarkable. Although the theory has

50 it remains.the only

51

been Subjected to some serious questioning,
explanation which fits all the data collected thus far.
Calculation of the expected nmr chemical shift of an appro-
priate localized standard state is far more difﬁcﬁlt than similar
estimations for the standard states in the other criteria of aroma-
ticity proposed. The chemical shift is not only a function of
charge distribution but also is quite sensitive to steric effects as
well. It is for this reason that the magnitude of the chemical
shift has not often been used as an indication of the extent of
aromaticity but only of the type, i.e., aromatic (diatropic), non-
aromatic (atropic) or antiaromatic (paratropic).32(g) Perhaps
advantage could be taken of Salem's predictidn43 ‘that introduction
of exomethylene groups into cyclic systems effec'tively destroys
the cyclic delocalization, introducing bond alternation and poly-
olefinic character. In this way we would be able to synthesize
standard states for nmr measurements of aromaticity. For
example, 1, 4-dimethylene-2, 5—cyclohexadiene5§ (H) would be an
appropriate nmr standard for the cyclic delocalization in benzene
as would 1, 2—diﬁ1ethyleneéyclobutene56 (1133\) for the elusive cyclo-

butadiene.
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Table Iil

Nuclear Magnetic Resonance Data

>

Hydrocarbons

benzene (4)
cyclohexadiene (10)
cycloGctatetraene (6)
"planar COT" (,2;,1\)
[16 ]-annulene (8)

[18 }-annulene (9)

dimethylene-
cyclohexadiene (17)

dimethylene-

cyclobutene (18)

pentafulvene (22)

linear polyene

T Solv.

. 2.66 CDCI,
4,37 (H) ccl,

4.3 ccl,

5.38 (Hy) CDCI,

4.60 (H,) CS,/CD,CL,
-0.43 (H,)

0.72 (H)  THF-d,
12.99 (H,) |

4.90 (H,)  THF-d,

4.57 (i)

5,43

A vm )

5.3 a  ca,

3.30 (H,)

4.22 (H) ccl,

3.89 (H)

3.56 (H,)

3.87 ccl,

Temp.
(°C) Ref.
35° 49
35° 52
35° 52
35° 28
-120° 53
-60° 54
-80° - 5h
35° 56
35° 61
35° 49
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Table III (Continued)

&.

B.
a Temgl.

Cations . T Solv. °C Ref.
cyclopropemum (1c) -1.1 .CH,CN or -20° 21
C,H,TSbCl, 50,
cyclopentadienyl (3c) ground state  SO,CIF  -60° 62
C H,*Sh¥F,~ - friplet :
cycloheptatrienyl (5¢) ' 0.3 CH.CN or -30° 63
C,H,+*BF, SO,
[16 ]—annulemum (8) 0.5 (H,) S0, -80° (32g)

b
cycloPentenyl (19c) - 1.58 (H) SO,C1F ~60° 64
HMO avg. 0.62
C.
a Temp. '

Anions T Solv. (°C) Ref.

%yclopentadlenyl (3a) 4.66 THF-d, . 35° 65
H -

cyclosctatetraenyl (6a) 4.3 THF-d, 35° 27
C, H, =2K*
cyclononatetraenyl (72) 2.96 THF-d, 35° 66
CoH,~K" '
[16] annulenyl (8) 0-1 (H,) THF~-d, 35°  32(g)
C =2K* . .
16t16 17 (Hb)
[18] annulenyl (92) 10 (H,) THF-d, 32(g)

C 18—2K+ '_21 (Hb)
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Table HOI (Continued)

C. Continued

’ ' 3 Temp.

Anions 7 Solv. (°C) Ref.,
pentadienyl (20a) 5.9 (Ha) THF-dg 35° 67
C5H7—K+ ~ 7 0 (H )

: c
6.2

HMO avg.

2+ values referred to TMS at 710.0, see illustrations in text for

the identity of Ha’ Hb’ ete.
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17 : 18

Conceivably such standard states could. correct for strain in the
smaller annulenes as well as the often severe effects of nonbonded
interactions in the interior of the larger annﬁlenes. However, since
these molecules are usually highly reactive and difficult to syn~-
thesize, advantage has not been taken of this suggestion. The
standard state which has been employed49 is the chemical shift of
the internal protons of the long chain linear polyenes (3.877). The
reasonableness of this assumption lies in the fact that as m
approaches 30 in the [m] annulenes, all the criteria of aromaticity
so far dlscussed approach that of the linear polyene; .32(g) therefore
nonaromaticity can be defined in the limit. This standard state
cannot be used for the aromatic cétions and énions due to the fact
that the charge tends to localize more. at the ends of the chain.
Hence, the charged cyclic systems should be compared to the
average che‘mical shift of the protons on a linear odd carbon-
 number ion. In Table I, due to the absénce of nmr data for most
acyclic cations and anions, I have used the average chemical shift

(as determined by a Hiickel-type weightihg method63) of the
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cyclopentenyi cation64 (19¢c) and the pentadienyl anion (20a) as

representative of standard localized systems.

19¢ 20a

Perhaps in light of the above discussion it would be easier

" to first define a nonaromatic molecule as one whose collective
properties could be fegax'ded as additive functions of individual
bond properties.sg An aromatic molecule in the broadest sense
then would bé one whose physical properties are riot additive func-
tions of localized bonds but which exhibits anomalous stability,
geometry and an ability to support closed molecular currents of
electrons as a result of cyclic delocalization. This empirical

32(h) vide supra) could

definition of aromaticity (or antiaromaticity,
equally well be applied to cations, anions and radicals (although
the latter will always be paramagnetic). It is clear that while
such systems may not possess comparable absolute stabilities or
nmr chemical shifts, some property or standard state might exist
which would allow 'comparison of such differently charged systems

with each other and with peutrals. The Van Vleck paramagnetism

correction for positive charge for example is small
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6

4
3 6).

(~8 x 10~ cin mol'l or roughly 10% of the total susceptibility
Thus, comparison of the exaltation criteria for the aromaticity of
cations and neutrals seem to bé possible with this correction term
included. For this reason, the preferred measure of aromatic
character for all systems together would be the diamagnetic' sus~-
ceptibility exaltation supplemented byvnmr chemical shift data which
would show the charge distribution and 'some thermochemical
measurement (AAHf°, PKp,» pKa) of the relative stability of the
species. It is unfortunaté therefore that more susceptibility‘ data
have not been published, especially for charged systems, or ‘that the
additivity method of Haberditzl has not been sufficiently calibrated

with nonaromatics to include charged syste'ms and heterocycles in

the calculation.



28

Prediction of Aromatic Stabilization

From the preceding discussion it is clear that no true
empirical measure of aromaticity is possible without some theore-
ti‘cal estimation to isolate that part of a given proper’ty due to |
cyclic delocalization of electrons from that due to conjugation of |
the type seen in linear polyenes. In fact, to keep such a distinc-~
tion from bordering on the absurd requires a clear deﬁnition‘of the
standard cycle as one which possesses the same geometry and bond
hybridization as the compound in question but with localized double
bonds, in other Wofds, one of the Kekulé resonance forms. But
from the point of view of resonance theory, cyclic delocalization in
all conjugated cycles should be a stabilizing factor, decreasing the
potential energy of the system by allowing each electron to be in a
field of effectively greater positive charge. Thus, while the above
.empiricism yielded many alternative and perhaps related ways of
measuring aromaticity in.cyclically conjugated compounds, it pro-
vided no clear understanding of Why.- benzene is so different from
cyclobutadiene 61* cyclosctatetraene. One might argue that if
aromatic stabiliza’cioh is as small as 20 kcal/mole in the most
aromatic neutral molecule, then strain in a four-membered ring
and in a planar eight—_membered ring might well vkeep us fi‘om
seeing any aromaticity in their thermodynamic criteria. Were
these the only examples of cyclic_ally conjugated molecules, one
might well dismiss aromaticity altogether as a general phenomenon.

But the work of Professor Sondheimer and othersgz(g) has amply
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shown that the diamagnetic anomaly exhibited by benzene is present
in 4n+2 7 electron cycles as large as n =7 ({30 ]-annulene) and the

aramagnetism seen in W'i?lcox’s25 lanar eight~-membered ring in
p g

21 (Table TII) is seen in 4n 7 electron systems up to n=6 ([24]-

annulene). While less work has been possible on the thermodynamic
propérties of these higher annulenes due to thelr reactivity, some
recent results from the Sondheimer laboratory on protonated
macrocyclic keton»:—zs68 show that aromatic stabilization in a 15-
membered ring cation (4n+2, n = 3) is worth 3 kcal/mole whereas
aromatic destabilization in a 13~-membered cation (4n, n = 3) may
be at least 1.4 kcal/mole. This near complete vindication of the
Hiickel 4n+2 rule together with its ability to rationalize the mag-
~netic propert_ies of the annulenes has led in at least one instance
to a suggestion that aromaticity be defined based on the closed
shell concept.5®

The 4n+2 rule provides a qualitative determination of aroma-
ticity. It would be nicer, if a Hiickel closed shell is to be used as

the theoretical definition of aromaticity, to have the theory predict
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both qualitatively and quantitatively the aromaticity to be expected
of a given system. One of the cenfral assumptions of HMO theory

is that the Coulomb integrals a;

same type and have values characteristic of the atomic orbital,
60

are équal for all atoms of the

independent of the molecule, For alternate conjugated molecules,

70 hayve shown that the charge densities at

Coulson and Rushbrooke
all atomic centers are the same, Fof the nonalternate monocyclic,
totally symmetric ions the same is true when occupied by 4n+2 7
electrons, as for example in the cyclopentadienyl anion, cyclohepta-
trienyl cation, etc. Howé-ver, for all other nonalternate systems and
thoée containing heteroatoms the unequal chérge distribution may
drastically change oy from one carbon to another. The simplé

HMO trea,tment of these systems is not se1f~consistent, and the
molecular orbital levels produced may give an erroneous full shell
prediction. More elaborate iterative methods avre‘ required to
achieve a stable charge distribution. These have been' discuséed

33 and applied to the prediction of aromatic stabilization

in conjugated m(')lecl;tle_s.;7 1

| by Dewar

The aromatic delocalization energies caleulated by Dewar
using a Pople-type self consistent field MO approach show an
excellent correlation with the experimental criteria of aromaticity
of a large variety of cyclic olefins. For example, fulvenésl’ 72 (22)

57,58 (23) are both predicted by HMO theory to possess

and heptafulvene
é_losed shells with appreciable resonance energy (1.478 and 1.9983
respectively). Howéver, neither of these molecules is aromatic by

any empirical c1:*iterion.73 Dewar's resonance energies for these
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o- O-

22 “23

compounds are small and correctly predict their nonaromaticity
(Table IV). Dewar can account for antiaromaticity as well. His -
value of 18 kcal/mole for the resonance destabilization energy of
rectangular cyclobutadiené compares favorably with Breslow's

75 have

estimation of this value.74 However, as Hess and Schaad
demonstrated, the failure of HMO delocalization energies to corre-
late with experimental criteria of aromaticity is as much a function
of the standard state employed as any inherent inaccuracy of the
method. When a standard state containing all the appropriate
olefinic interactions of cyclic polyenes was calculated by a bond
additivity technique, equally good qualitative and quantitative predic-
tion of experimental criteria was obtained for HMO 7 energies as
was obtained using Dewar's PPP-SC¥-CI methods even in non-

6 has extended Hess'

 alternate systems. (See Table IV.). D'Amore
method to include odd number r-center (cation, anion, or radical)

systems with good experimental correlation. .Quantitatively the two
methods do .not agree. But it should be remembered that Dewar is

calculating interaction energies since he uses acyclic olefins as the
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Table IV

Theoretical Predictions of Aromaticity in Monocyclic Systems

Compound
cyclopropenyl anion (la)
cyclopropenyl cation (lc)
cyclobutadiene (2)
cyclopentadienyl anion (ia)
cyclopentadienyl cation (3¢)
benzene (4)
cycloheptairienyl anion (5a)
cycloheptatrienyl cation (Qb)
éycloactatetraene (6)

[16 J~annulene (8)
[18 J-annulene (9)
pentafulvene (22)

heptafulvene (23)

%Ref. 33, PPP-SCF-MO, linear conjugated standard state.

b

state, B negative.

| CSquare singlet geometry.

Ed

7 Resonance Energy

Dewar@ . HessP D'Amore?
(kcal /mol) (8) (8)
+35.9 ~1.27
-42.3 +0.73
+18 (+34%)  -1.07 o
-30.2 +0.66
+16.8 ~-0.58
-20 +0.39
+5.7 -0.28
~-21.4 +0.64
+2.5 ~0.48
+2.8 -0.18
-3.0 +0.22
-1.0 -0.01
-0.5 " ~-0.02

Ref. 75 and 76, Hiickel vs. calculated localized cyclic standard
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standard state whereas Hess's numbers should relate directly to

m-electron delocalization or aromaticity.
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A Current Interest

I am interested in the aromaticity exhibited by certain planar
bicyclic'nonbenzenoid hydrocarbons (Figure VI). These compounds,
formed by the fusion of two conjugated rings such that no more
than two atoms are common to both ringé, offer an opportunity to
study several interesting questions fundamental to an understanding
of the concept of aromaticity. To what extent are Hiickel predic-
tions accurate for these systems? What is the importance df a
tilled lone nonbonded level to the Hiickel closed-shell argument?
To what extent are these-systems peripherally conjugated, or are
they to be considered by their component rings? In other words,
what is the effect of the introduction of transannular bonding (£, m-
dehydroaromaticity77 where £ and m are not adjacent, i.e.,
£ 2m+2) into an aromatic 4n+2 ¢ electron or antiaromatic 4n 7
eleétron monocyclic ring? What is the relative importance of ring
strain and aromaticity in these systems?

To a first approximation Platt78 considers the perturbation
caused by the dehydro £, m-o bond to be small, introducing no
appreciable change in the molecule (neglecting strain) other than
assuring coplanarity'. Thus, a monofused (bicyclo-) system is pre-
dicted to be aromatic if it contains 4n+2 7 electrons on its peri-
meter. The number of systems for which this seems to be true
is indeed remarkable. Thus, naphthalene79 (’3:5\) and azuleneSO (§\§)
are well known aromatic 10-7 electron systems (vide infra and

Table V). The indenyl anion®! (34a) has also been extensively
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illx}estigated and shown to possess properties characteristic of
aromaticity. A (1‘, 5)-dehydro[11 Jannulenium ion 37c, a 10-7 elec-
tfron system, has been prepared as a stable tetrafluoroborate salt,82
and an argument could be made for its aromaticity based on an

nmr spectrum (Table V). Often the "acid.test" of whether or not

the properties assigned to a class of compounds have anything to

do with aromaticity come irom extending the compounds to greater
numbers of 7 electrons. In this direction it is interesting to look
at two of Professor Sondheimer's dehydroannulenes. Bicyclo[9.3.0]-
tetradeca-1, 5, 7, 11, 13-pentaene-3, 9-diyne (38), a 14-7 electron
analogue of azulene, has been prepared as a resonably stable dark
green solid whose nmr shows that the compound is aromatic in the
same way as azulene. The similarity even reaches to the chemical
behavior of 38 since this compound can be reversibly extracted
from organic solvents with strong acid.83 Recently Cresp and
Sondheimer prepared a (1,14)-dehydro {26 Jannulene §2.84(a) While

84(

certainly more aromatic than [26 lannulene, b) the compound was
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Table V
1H NMR? Criteria of Aromaticity in
Unsaturated Bicyclic Hydrocarbons

I. Dehydro [8] annulenes

(1, 4): | 9, 3, 4, 5-tetramethyl~7, 8-diphenyl
benzocyclobutadiene (£Q)

CHa
CI NS Ph
| | 20 |
CHENG Npn methyl 78,0758(2)
CHa '
CHa , B
CH CHs -
standard aromatic methyl
77.7788(0)
CHs CHs ‘
CHs
Cts B cm,
CIL <
standard nonaromatic methyl
| CHs +8.25%8(¢)
CH.
o Cli
(1, 5): 1, 3, 5-tri-t-butylpentalene (41)
2 & o~
H 41

89(b)

H, 74.93  Hy 75.28



CHz

H,

II. Dyhydro [10] annulenes
(1, 4):

7 N
N\~

CH
NN

CHs

CH,

CH;

H
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Table V (Continued)

45 -

yoo

standard nonaromatic H1 73.6094

9-methylcyclobutadienocycloscta~ -
tetraene (45)

methyl 77.52 ()%
cyclobutadienyl 72.34 (q)

cyclosetatetraenyl 73.88

standard nonaromatic cycloscta~-
tetraenyl v4. 3252

standard quasi-aromatic cyclo-
getatetraenyl 75.38

standard nonaromatic
methyl 78.12
cyclobutadienyl 73.30
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Table V (Continued)

(1, 5): | Azulené (iﬁ)
80(c
H, Ha 73.8 (c)
Hb 73.3
Hb c Hdl 9\/(1
H, 73.0
c
Hc Hd Hd T3o7—4.5
H, | Ha 73.9
;: \; _ Hb 73.6
Hy, | |
(1, 6): Naphthalene (35)

H :

SO 225750
35
~~ Hb 72,08
H
©/ standard aromatic H 72_.6649
H
©/» standard nonaromatic H 74.4

aromatic H, T '
[10] annulene 2 }2.885(b)

Hb T
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Table V (Continued)

(1, 5):
Ha
e 37
Hy O 2RE
®
BF.

BY,

@@ SbFe

Dehydroannulenium ion (37¢)

, 82
Ha, b 74,12

H, T2.12

standard aromatic H 70.363

standard antiaromatic - evidently
a ground state triplet62

qromatic 10-7 cation

ring protons TO.4~1.795

methylene bridge 711

ANMR reported in 7 with internal standard TMS at 10.07.
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otm———

38

less aromatic than a [14 Jannulene alone. This is totally analogous
to naphthalené (35) which is more aromatic than |10 ]-annulene but
less so (per 7 center) than benzene by even the ninr criterion.85
In a similar fashion, the introduction of transannulaf bonding
into 4n 7 systems leaves systems which are still nonaromatic or
antiaromatic. The smallest 4h system for which bicyclic analogues
have been prepared is [8 Jannulene. Benzocyclobutadiene (31) has

been trapped in the fouxu"—membered ring as a Diels~-Alder adduct
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with cyc:lOJg)e)'ntadiene;86 and as in the case of cyclobutadiene, its

87 Phese facts point to

iron tricarbonyl complex has been isolated.
the existence of high lying occupied bonding orbitals and hence non-
aromatiecity in /3\,1\ . More recently a diphenyltetramethylbenzocyclo-

88(a)

butadiene jl\(f)\ has been synthesized which shows an upfield shift

of 0.30 7 for the aromatic methyls compared to a hexamethyl

88(b) interpreted as increased paratropicity in the

benzene standard,
benzene ring due to fusion to a four membered ring. Pentalene,
bicyclo [3,3.0]6ctatetraené (32), has also been the subject of much
attenﬁofx. The first simple pentalene, 1-methylpentalene, dimerized
at —140°C.89(a) Tri-t-butylpentalene (41) on the other hand is a

89(b) However, its nmr (Table V) shows what may

stable _compdund.
be paratropicity compared to appropriate standards, and thus anti-
'aromaticity is predicted for the parent. The 10-7 electron dianion
of pentalene is easily isolated and apparently aroma'tic.go This is

entirely analogous to the case of cyclogctatetraene (vide supra).

CH,

CHa Ph

CH, ~ Ph
CH,

4.0 41 -
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That this approach may be oversimplified is evident from the
case of the 14~y electron bicyclic octalene 42. Although the parent

bicycle in this series has not been synthesized, a benzo-annelated

42

91

derivative 43 is available. This molecule has terminal cyclo-

bctatetraene proton signals in the same position as cyclodctatetraene

43

itself and a uv spectrum entirely similar to benzocyclosctatetraene.

Hence, it is a polyene similar to heptalene 44, a (1, T)-dehydro-

92

[12 J-annulene. However, like cyclogctatetraene, 42 is not

44
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expected to be planar, any aromaticity to be gained probably would
not be sufficient fo overcome strain in such a conformation.

So far, if we consider dipolar resonance forms as well as the
neutral representations, we could have reached a correct prediction
of aromaticity from consideration of each:component ring in the
bicyclic systems. As Professor Garr’att points. out,32(e) there are
any number of systems, mostly .benzenoid at least in part, which
behave magnetically as if ring currents were localized in compo~
nent rings. However, thei*e is one example where two fused 4n
systems make together an apparently stabilized, aromatic 4n+2
bicycle, that of (1,4)-dehydro [10 Jannulene or cyclobutadienocyclo-
octatetraene. Here, a 9-—me't1{y1 derivative éJS\ has been synthesized

and shows substantial downfield shifts in its nmrg'3 (Table V). Of

/ \ CHs
5N\ L N

45

the other compounds pictured in Figure VI (25-30) little is known.
Since such properties as were found for 45 should be enhanced in
‘the smaller systems (neglecting strain) due to the fact that such

| molecules should ﬁnd it difficult to avoid conjugation and the -

empirical observation that the effect we call aromaticity is larger |



45

for the smaller systems, .synthetic efforts aimed at these molecules
have been initiated.

Examination of the Hiickel molecular orbital diagrams for the
molecules in Figure VI shows that the perturbation on an aromatic
cycle brought about by transannular o-bonding can either stabilize
or destabilize the 4n+2 7 electron system but that such a pertur-
bation on an antiaromatic 4n 7 eleétron cycle invariably stabilizes
the system. Dewar96 has applied the perturbational molecular
orbital (PMO) treatment tb these fused systems. While only |
strictly applicable to alternaté systems, he predicts that (1,3), (1,5),
(1,7), etc., 7 interactions will have no effect on the total 7 energy,
whereas (1,4), (1,8), (1,12), etc., will destabilize and (1,6), (1,10),
(1, 14), etc., will stabilize the cyclic 4n+2 7 system. (Illustrated in
Figure VII.) This effect reaches its maximum in the (1, 4)~dehydro-

tropyl system 30 where the 67 electron cation 30c and the 81

HOMO

Figure VII .

Interaction of Odd-Alternate Hydrocarbon Radicals96
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eléctron anion 30a are predicted to be equally stabilized by
afomaticity (see Table V1). Thus, although strain will probably
cancel some of this, it would be interesting to compare systems
such as 27 with 28, 29 with 30 and 32 with 33 to test this

theoretical picture.
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'_Table VI

Theoretical Predictions of Aromaticity
in Bicyclic Systems

v Dewar33’ 9% Hess'75 D’Anrlore76
Compound (keal /mole) (B __®

Bicyclobutadiene (25) o 416* -0. 40" |
1, 3-Dehydrobenzene (%Z) +6.0 +0. 34
1, 4-Dehydrobenzene (:z‘.VE}_) B -6.4 | -0.40

- 1, 3-Dehydrotropyl (29)
1, 4-Dehydrotropyl (30) ‘ +0.11°¢
Benzocyclobutadiené (31) -0.22 |
Pentalene (32) -6.5 +0.14
1, 3-Dehydro COT (33)
Naphthalene (35) +30.5 +0.55
Azulene (36) ' +4.2 +0.23

a'SCF-CI, linear olefin standard st'ate, no strain correction.
bCalculated from an estimated localized bicyclic standard state, no
strain correction.

_ CCalculated from an estimated localized bicyclic standard state, all
reasonable resonance forms given equal weight and an average

taken, no correction for strain.
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Strain and Aromaticity

. The strain energy of a highly branched or cyclic compound
can have meéning only by reference to some standard state which

is arbitrarily assigned zero strain. Bens'on36

takes the unbranched,
acyclic hydrocarbons as the reference state since their ineasured
heats. of formation follow the additivity rules so well. Thus, the -
strain energy of a compound can be estimated as the difference in
the measured heat of formation and the value calculated for it k‘)‘y
the group additivity method. This is precisely the same definition
we discussed for the thermodynamic aromatic resonance stabiliza-
tion. It was pointed out at that time that these values are more
properly referred to as interaction energies and that to isolate
either the resonance or the strain energy from them requires an
independent estimation of one or the other. Since I am most
interested in calibrating the theoretically predicted aromaticity in
strained systems, I would prefer a reasonéble approach to strain
energy estimation.
Strain in a cyclic polyolefin is composed primarily of C-—C~C

2 120° angles decreases o overlap

angle strain (deviation from sp
or forces rehybridization to higher energy states) which is a
function solely of the ¢ electron framework. Thus, although

- resonance is sensitive to strain through distortion of the thimal T

geometry, any method which separates o from 7 electrons”



49

effectively separates strain and resonance. (Distortion from
planarity can often rélieve strain but always at the expense of 7
delocalization. This is of course the major reason for nonplanarity
in 4n 7 systems such as cyclojctatetraene where 7 delocalization is
minimal, providing no stabilization or perhaps even destabilization.
However, the bicyclic systems Whi(_:h are the goal of the work
reported in this thesis will find it difficult to distort from

12

planarity. As in the case of cyclobutadiene,” these compounds

‘must resort to bond alternation to minimize ahtiaromaticity but

33, 97 has developed a

retain virtually the same strain.) Dewar
method which calculates the ¢ frameWork (PNDQO) and gives strain
energies in good agreement with eXperimehtally determined values
for this quantity in bicyclic saturated hydrocarbons where resonance
| is not a large factor. Ideally, this method could be applied to the
o framework of a conjugated molecule given certain geometric
restrictions and, by comparison to the appropriate unstrained
conjugated hydrocarbon, give strain energies separate from
delocalization (interaction) energies. Alternatively, one might be

able to calculate the o framework strain directly using force field

parameters such as those developed for saturated systems by
98

99

Allinger®® and employed for the strain estimation of bicycloalkanes

by Boyd. However, neither of these approaches, to my knowledge,
has been applied to bicyclic conjugated olefins although both look

- promising.
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This approach ignores another source of strain in cyclic con-
jugated olefins, thdt of nonbonded repulsion between the m-electrons
across the ring. Such an interaction should be larger for small
rings but' its magnitude relative to angle strain is hard to estimate.
For the larger rings the nonbonded repulsions betWeen hydrogens
forced to be in the interior of conjugated cycles is important as
well. Perhaps some measure of this van der Waals sfrain could
be obtained from the measured versus calculated heats of forma-
tion of the exo-methylene compounds discussed earlier 2s standard
states for the magnetic properties of the annulenes together with a
o calculation of the angle strain as discussed above. Since m-type
cyelic delocalization‘should not be important for these systems,
requiring the loss of at least one 7r‘ bond, such compounds provide
ideal standards for separating strain from resonance in many =
systems. Unfortunately, the heat of formation of molecules such as
fulvene gg, heptafulvene 23, dimethylenecyclobutene 18, and 1,4~
dimethylenecyclohexadiene 17 are unknown, the compounds being
thermally unstable. But it is evide_nt‘ from Dewar's calculations
that such an approach should be applied with caution in any case.

o7 what appears

Due to alteration of the ¢ framework Dewar shows
to be 33 kcal/mole less strain in a calculated 3-radialene fl\ﬁ com-
pared to a calculated triafulvene jll . A similar approach to the -

esﬁmation of strain in the compounds in Figure VI would require.
- such compounds as 'i}@\, 49 and 50. Here, however, the compounds

themselves are as yet unknown.
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We are thus forcéd to crudely estimate strain by analogy to
the well known measured (.A.Hf0 exp - AHf° calc.) strains of cyclic
saturated hydrocarbons and cyclic monoolefins. These as well as
the} estimated values in parentheses are giveh in Table VII.
Boydl99 compared the strain energy calculated for bicyclo[m.n.0]-
alkanes with those obtained by simple addition of the individual
strains of the component monocyclic hydrocarbons. He found
reasonably good agreement except in cases with fused three-
membered rings where the strain was overestimated. If we apply
the same treatment to the bicyclic olefins, a crude estimation of
the strain might be obtained. Table VIII lists values obtained in

this way together with measured bicyclic saturated hydrocérbon
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Table VII

Measured and (Estimated) Strain
Energies in Cyclic Hydrocarbons

Compound Strain (kcal/mole)_a.l " Ref.
ZX 21.5 ’ 35
53.8 35

52.6 33

| 53.3 36

(40) ‘ - 33

- 41 36

Z_& (82. 3) 97
26.5 | 35

30.0 35

l | §50g 100

32

Q 6.2 35
o) "
@ 2. 4) 36
@z 6.9) 35

aAHf° (g) measured - AHf° (g) calculated according to Beﬁson%.
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© Table VIII

Measured and (Estimated) Strain
Energies in Bicyclic Hydrocarbons

Compound Strain (kcal/mol) - Ref.
<> 65. 2 35
. (55. 0)* 99
<P w o

' s R (99
<O A 32.3 35
| (33.7) 99

@ (56)

(53.0) 99

= (76 | 100

— 58 33

62) 35

i> (32.7) 99
“d §58 100

l — 40)b 33

. (36)C
26. 6 35

(26. 5) 99
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Table VIII (Continued)

Compound ~ Strain (keal/mol) Ref.
] l 55(2 100
. 32 733

Afstimated by simple addition of the strain energies of the com-
pound rings.
: bCyclobutadiene + fulvene.

cCyclobutene + fulvene.
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values. Thé values predicted for bicyclobutadiene 2,5\ and bicyclo-
hexatriene ;‘2@\ are prbbably the most in error of the compounds
written.. However, if anything they appear to be too low instead of

 has

too high as in Boyd's case.99 On the other hand, Dew:;l,:r’gl7

carried out SCF-MO calculations for 25 which predict, quite sur-
prisingly, that this molecule should be stable although very reactive.
His estimation of the interaction energy of 82 kcal/mole for g.é

makes the strain estimate of 100 kcal/mole not too unreasonable

76

with 18 kcal/mole 7 resonance energy. D'Amore = placed the

strain enérg‘y of 48 at >51 kcal/mole based on the required exo-

thermicity of its subsequent thermal rearrangement to ethynylcyclo~

2

pentadiene. Since the introduction of one sp” center into a five-

33

membered ring is a small perturbation,” this value is in good

_ agreement with the first of the above estimations for 49.

= %

~/ A

48 49

N Carall

Synthesis of Potentially Aromatic Strained Systems

Many of the systems represented in Figure VI are potentially
very reactive as well as thermodynamically unstable. Proposed
synthetic routes must necessarily take this into account. High

heats of formation of starting materials and considerable specificity
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of rea‘c,tion are two i’equirements in any synthesis of highly Stréined,‘
perhaps even conjﬁgatively destabilized molecules. The approach to
behzocyc_lobutadiene is typical of most syntheses of such systems.
After initial unsuccessful attempts at synthesis of ?31 by Wilstiatter

101 4 F. Finkelsteinl02

and Veraguth, found benzocyclobutadiene as
a reactive intermediate from the reaction of 1, 2-dibromobenzocyclo-
butene with zinc. Cava and Mitchell trapped this intermediate as a

Diels-Alder adduct in the same reaction.%(a) An elimination route,

7T = Co
2 0

dimers

X
=

however, suffers from the disadvantage of requiring either strong
base or producing Lewis acids (e.g., ZnBr,) which catalyze. poly-
merization of the products. Hence, unsubstituted pentalene was too
reaétive to be synthesized by such route. One successful approach
to a i& system involved a retro Diels-Alder reactioﬁSg(a) which

- has the advantage of having no strong reagents present to add

- back to 32.  The stable 1, 3, 5-tri-t-butylpentalene, ‘on the

other hand, was formed by a cyélization—elimination route;sg(b) but
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CHzs

dimer

the t-butyl groups in this molecule probably impede the approach of
the sécondary amine for readdition as well as disfavoring the addi-
tion product which accounts for the elimination occurring in the

first place.

-Et,NH
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Breslow's group at Columbia has extensively investigated
elimination routes to some of the compounds in Figure VII as well
as possible hydrocarbon precursors. The hydrocarbon QQ was
evidently prepared by elimination ovaCI from ﬂ with strong base.
The only products isolated were dimeric but these contained
deuterium which was taken as evidence of the formation of a

103

transient 30a. More recently Breslow reported the synthesis of

Cl KOtBu
_ tBuOD gt
|| /2 DMSO-dg L/
_ (D)
N S
1)
p— — ©
G5 e
T~
?\Q\a

(syn and anti)

a small amount of the very reactive ketone Q% by a similar route.
- He was able to obtain an nmr at -48°C; but in the basic medium

(Et,N or KOtBu, tBuOH) employed, the trienone signals disappeared

104

on warming to -10°C.  Routes based on hydrohalide eliminations

have also been reported for the bicyclic species ?.l and gﬁ

105

McGriff stated that pyrolysi's of the dimethylamine oxide 93 led
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\

/

52

Caral

only to an intractable polymer and no adduct could be obtained

from a monomeric C,H, species. WashburnlOG(a) has reported on

. OAc
AcO

ONMez

53

the base treatment of the dibromide 54 whiéh gives 6-N, N-dimethyl~
aminofulvene 55 in dimethylamine solution, a reaction in which it

is conceivable that ?\Z is an intermediate (Mechanism I). However,
G1*0hman106(b) has suggested that §§ could also arise from nucleo-

" philic ring opening of the strained cyclopropane ring of the first
elimination product from iﬁl\ based on an analogy to his work on

~ bromospiro[2. 4 Jheptadienes (Mechanism II). But since amino-
fulvenes aré known to be th(::a thermally stable products isolated

from the thermal rearrangement of a number of isomeric
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ﬂ
1.5 ‘
shift \
NMeg
E}é\

Mechanism I

base Br

Br- . i—I\
54 - q

NMe, Br"
== DA
“Br NMe,

Mechanism II
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107 their presence cannot be taken

nitrogen-containing cyclic olefins,
as evidence of thé nature of the trapped intermediate, except that it
is electrophilic. Breslow has also reported a similar route to a
%Q species by elimination of HCl from the chlorodewarbenzene

108 Here readdition occurred to an intermediate to give a

§§ .
dimethylaminodewarbenzene which was trapped. (For a discussion

of this reaction see page 82.)

Cl
|

m
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Patal

Since many of the most interesting systems in Figure VI
possess the dimethylene cyclobutene moiety (18), I was attracted
by the high yield, stereospecific pyrolytic rearrangement of 1,5~

hexadiyne (?j\) to dime-thylenecyclobutene discovered jointly by

109 110

Huntsman and Wristers and by Coller, Heffernan and Jones.
'This rearrangement possesses several advantages over most .other
| routes to introduce unsaturation in strained ring systems. The

reaction is highly stereospecific and presumably concerted. The

high heat of formation of fh‘e acetylenes drives the reaction, pre-

N sumably making strained rings energetically accessible. Further-

more, the reaction appears to be unimolecular and proceeds at a

reasonable rate in the gas phase, introducing all the strain and
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R
R = &
350°C ’ I
> '
R"/
R' g \/
57: R=R!'=H 18: R=R'=H
58: R = R' = CHj 59: _R = R' = CHj;

unsaturation in one step. The flow tube py‘rolysi.s apparatus used by
‘Huntsman lends itself to low tempera‘cure -tr'apping of the products
as they are swept out of the reaction zone. Hence, very reactive
and unstable products can be isolated. Thus, I felt that systems
designed to allbw the Huntsm‘an rearrangement wouid provide easy
access to molecules such as the 1,4-dehydrobenzene 28 as well as
precursors to such systems as the 1, 4-dehydrotropyl 30. These
are illustrated in Figure VIII, Prior to the start of my work,
D'Amore and Bergmanlll(a) reported that 1-methyl-1, 2-diethynyl-
cyclopropane (§,4i) gave a clean yield of 2-methylbicyclo[3.2.0]-
hepta-1, 4, 6~triene (Qé) upon gas phase pyrolysis. This“ result was
particularly gratifying in ‘light of Breslow's triene 50 which
dimerized. | In this connection it is also intefesting to note that
Sondheimer discove.red a reaction in solution which is entirely

Similar to that prdposed above. Production of the very labile
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cis-g0 Y

28
=
K[ : ~
—_—
Jn
cis-61 X
62
=
A =
— e
L | N
cis-63 N
@ ‘ A \
S | NS .
I = O
|
S NS
Figure VIO

_ Generation of Bicyclic Systems 109 110’
via the Coller-Huntsman Rearrangement™ ™
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60% yield
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—
350°C |
A\
64 ' .65

Faval . FaaN

1, 7—octadiyn-3; 5-diene 66 from hydrolysis of the 1, 7-bis(trimethyl-
silyl) derivative at room temperature gave the dimer QZ .  When
this reaction was carried out in the presence of cyclopentadiene, a
60% isolated yield of the trapped benzocyclobutadiene was
olotained.112 However, no attempt to carry this reaction out in the
gas phase was possible considering the approach. But} that such a
route would probably produce an nmr observable concentration of
il\ at low temperature is seen from Straub's pyrolysis of the
diphenyltetramethyl derivative of 63 at 110°C to give an nmr

observable concentration of %)\

Ph ' '
CHg4 —- A .~ CH, AN Ph
- |
CH, S, CH, / Ph
CH, CH
3

40
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PART I

1 , 4-Dehydrobenzene

(para-Benzyne or Butalene)
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Introduction

Background
If gj_g_-l, 5-hexadiyn~-3~-ene (g_i_s_:‘-fi\(l)\) undergoes a thermal ‘
reairangement similar to that of the diethynylcyclopropanesn1. (64)

109,110 5y
A 2

or 1, 5-hexadiyne one might expect formation of the

theoretically interesting 1, 4-dehydrobenzene‘;2\§\. This species has

Z

N 28

cis-60

been indexed in Chemical Abstracts since circa 1950 under the

names para-benzyne, p-didehydrobenzene, bicyclo[2.2.0 Jhexa-1, 3, 5-
triene, butalene and 1, 4-phenylene. Several alternative structures
for the product of such a rearrangement are possible. Thése are
pictured in Figure IX; that they are not all equivalent is clear. 'S
Structures gga and g\?\b may be thought of as contributing resonance
forms of a singlet para cr_f-_bondéd benzene or as localized, perhaps’
| equilibrating, Structures similzir to those proposed for cyclobuta-

114 Models show that while a planar bisallenic structure is

diene.
indistinguishable from a biradical ,2\§e or a bis-carbene ,Z\gg, the
» nonplahar structure pictured is clearly defined. Structure 28d is
a triplef benzenoid o biradical and /2\§\e is the corresponding singlet,

Structures 28f and 28g can be resonance forms of 28e but are
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s [T )« KX
%

28

Figure IX

Some Possible Structures for 1, 4—Déhydrobenzene
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prbbably of higher energy. Only if they possess different geometry
due to electron péirin’g will they be distinet species. Structure
,2.,8\g represents a bis-singlet-carbene which sacrifices benzene
resonance energy, while structure 28h is a pentriplet with four
unpaired spins. Structures intermediate in spin between ,2\,8\f and
?ﬁg are also possible. The name butalene most clearly applies to
structures 28a-c, while the term p-benzene correlates most clearly
with structures gﬁd—h. The’only feature structures ,vaii—k possess
in common with %Qa-h' is that the dehydrocenters are 1,4 dispoSed.
In this thesis I shall use the more systematic name 1, 4-dehydro-
benzene to refer to all species 28. While the generation and sub-
sequent chemistry of 1, 2~-dehydrobenzene (o-benzyne or simply -
benzyne) has been the subject of much recent investigation,77’ 115
very little has bee-n reported on the other dehydrobenzenes.

The first reference to a 1,4-dehydrobenzene system was by
Roberts, et al.,116 who calculated for the bicyclohexatriene struc-
ture gﬁa(b) an HMO delocalization energy of 1.668 and low free
valene (Figure X). It is interesting}that thisA first order treatment
predicts a zero w-bond order between carbons 1 and 4 thus
favoring 28a over 28b. The Hiickel treatment also gives a closed
shell and hence a prediction of aromatic stabilization for gﬁa.

75

" However, Hess'® using a more realistic standard state predicted

an HMO 7 electron (REPE) of -0.078 making 28a almost as anti-
~aromatic as planaf cycloetatetraene (REPE —-0.066)' but at the
same time far more aromatic than cyclobutadiene (REPE -0.278).

33

Dewar's semiempirical SCF-MO methods support Hess's Hiickel
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HMO Treatment of Butalene [28a(b) ]116

(Bond orders in parenthesis; free valency represented by =)
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nulmbers predicting a resonance energy of -6.5 keal/mole for gga and
-18 kcal/mole for (cyclobutadiene compared to +20 kcal/mole for
benzene.

Since gﬁa may contain approximately 25 kcal /mole less resonance

100 (see also

energy than benzene33 and nearly 80 kcal /mole more strztin
Tables VI and VII), 28a and 28e may be comparable in energy despite
the fact that ?@\e contains one fewer o-bonds. Benson's thermochemical

estima.tions36

allow a reasonable approximation of the heats of forma-
tion of these species. The heat of formation of cis-60 can be reliably
estimated by the group equivalent technique to be +126 keal/mole. A
similar calculation for 28a using a 6.5 keal /mole resonance destabili-
zation and 80 kcal /mole strain predicts a heat of formation of +130

keal /mole for butalene. For the 1, 4-benzenediyl structure ,2§\e(d) a

| heat of formation may be estimated by addition of two phenyl C-H bond
energies to the heat of formation of benzene after correction for the

bond energy of H,. This gives a AH,® of +140 keal/mole for 28e(d)
assuming that there is no appreciable interaction of the radical centers
so generated. To help answer this question, Hoffmann and Imainfiura113 |
have car