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PREFACE

This dissertation will provide a further exposition to the ucility
of peramagnetic spin probtes in eddressing diverse problems in physical
orgenic chemistry. In order to facilitste the presentation, o
description of the investigetions undertaken will be presented in parts.

Part 1 deals primarily with ths slectronic structure of a variety of
polysemiquinones ses revealed by their Electron Spin Resonance (ESR)
spectra. Perticuler empheeis ie pleced on considerations such ss spin
density discribution as e function of temperature, reduction state,
geometry end ecceptor capability of the interconnacted quinone moieties.

Part 11 eddresses the question of conformational preference as a
funceion of temperature in a series of large carbocyclic semidionas.
Specific reference is made to ths conformetional mobility of the
semidione spin lebel with respect to the hydrocarbon chain. Also
considered are the isomaric retios (E/Z) of the redical enions as
functions of counterion concentration.

Pert 111 explores the possibility of molecular rearrengement in a
number of unsatursted 1,2~ and 1l,4~semidiones. Valence isomerization in
1,4~senidones derived from the bicyclo[4.1.0)heptane skeleton is
discussed. The concluding section provides a treatise on "bullvalene”
semidione.

A general experimental section includes synthetic approaches to the
various radical ion p:eéurccrq. sources of samples, and general details

of ESR sample preparation and instrument operation.



PART 1. ESR OF POLYSEMIQUINONES



1. INTRODUCTION TO THE RADICAL IONS OF MULTIPLE QUINONES

Electron spin resonance studies of the radical anions of quinones,
the seniquinones, have over the years been numerous and excensive.
Considerable effort has been expended in the elucidation of such
phenomena as ion pairing (1-8), restricted motion in the solid state
(9,10), and various exchange processes as they occur in these
parsmagnetic species (11,12]). As semiquinones with complex hydrocarbon
appendages often exhibit a vealth of hyperfine structure, the various
mechanisms of unpaired spin propagation to distsnt nuclei also appear
well understood (13~19).

In contrast, reports of ESR investigations of Polysemiquinones are
scant. Radical anions of type 1 have been described on occasion, but

the reports conflict and conclusions are tenuous at best [20-23],

Huch less is to be found on molecular systems wherein the semiquinone
moieties remain proximate but devoid of formal conjugation (type 2) [24].
Radical ions of [2.2]paracyclophanequinone have been observed, but
discussions of their magnecic properties have been brief and undetailed
(25) (Section I1I).



It i@ thus clear that the existing body of experimentel dete on ths
radical ione of polyquinones is fragmentsry and incomplete. Little is
known of their electronic structure, end the effects of subtle changes in
geometry, acceptor etrength, and reduction stste on their spin deneity
dietridutions are poorly understood.

Part | of this diasertation will reveal efforts to address some of

these issves.
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1I. RADICAL ANIONS OF TRIPTYCENE BIS~ AND TRIS(QUINOMES) AND DERIVATIVES

A. Introduction

Radical ions derived from molecular eysteme axplicictly designed for
the purpose of facile invastigetion by ESR spectroscopy ought, in
principle, to fulfill certain critarie. The first of these might relate
to precursor stability which could rander the material pure and aveilabdle
at leaet in milligram quanticies. It {a also of vital importence that
the precursor be resistent to destruction under conditions of radicel ton
genaretion. Once formed, the parsmagnetic species 19 queetion should be
free from rapid decay to facilitete detection under static, isotropic
conditions. Coneideration may aleo be given to the judicioue location of
information bearing termini within the moleculer framework. Most often,
this is eccomplished by placing nuclei of non-zero megnetic (but low
quadrupole) moment in the proximicty of the spin probe.

9, 10-dihydro~9,10(1"',2"' )~benzencanthreacene=1,4, 5,8~tetrone, from
hereon referred to es triprycene bie(quinone) 3,(26) appeared to meet

these criteria. The high symmetry, coupled with the

flanked quinone moieties in a rigid bicyclic framework, provides a

promising structure for investigation without complicating conformational
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effects and ovarvhelning hyperfine structure. Addicionally, aveilable
elactrochemical data were indicetive of an interesting transannular
interasction in 3, sinca the first and second half-weve potentiale
(81,2) vere found to be =0.23 end =0.48v (vith respect to the
saturated calomel electrode), respectively, in contrest to =0.37v for che
firsc Bl,z of triptycene mono(quinone). Our ettempts at elucidating
the electronic structure of polysemiquinones thus began with the ESR

specta of rsdicel ions derived from triptycene bie{quinone).

B. Results end Discussion -

Continuous electrolytic reduction of 3 in the cavity of sn ESR
spectroueter st a Hg pool or Pt electrode with TBAP es supporting
electrolyte in DMSO or caapu solutions initislly gave rise to the
binomial pentet of Figure | (a"=1.10 G [4 H's], g=2.00506). An
identical spectrum was seen upon chemical reduction of 3 with trace
quanticties (~0.5 mg) of potasaium terc-butoxide in DMSO.

On che basis of hyperfine coupling constants {a“-2.30 G [2H's])
for triptycenemono(quinone)}, and by virtue of the fact that the pentet
splitting was the first paramagnetic reduction product observed under
carefully controlled electrolytic and chemical conditions, the spectrum
of Figure 1 was attributed to the radical monoanion of triptycene
bis(quinone), 3 °» Thus, at ambient temperature, the ESR
spectrum of 3’ :eveals’a symmetric fon with equal unpaired spin
distribuction in both quinone rings. The mechanism by which this symmetry
is established was clarified by observation of 3 ° at subambient

temperatures, since cooling of the cn3cu solutions resulted in



Figure 1. Figut derivative ESR spectrum of triptycene bis(quinone)
radical anion, 3 °.






selective line broadening of the second end fourth peake of the original
pentet (Pigure 2a-c¢).

In enalogy to other well-documented time dependent phenomena, thase
linevidth slternsting effscts are believed to occur due to fluctueting
hyperfine splittings via some inter- or intramolecular exchange process
{27]. 1Intermolecular processss such as electron spin exchange in a
bimolecular reaction where the unpaired electrons of the two free
radicals exchange their spin ststes, or instancea of electron transfer
between a radicsl snd s dismagnetic species, both give rise to similsr
effecta in the ESR spectrum (28). However, the characteristice of their
linewidth effects are concentration dependent and differ dramatically
. from those observed for 3 .

Precluding conformational effects for the rigid framework under
considerstion, a process consistent with the lineshape snalysis involves
an out of phase modulation of the hyperfine couplings caused by
intramolecular jump of the unpaired electron. At 298 K, the hydrogen
atoms of 3 ° are time averaged by electron migretion for which a

lower limit of approximately 107 sec”?

for kb: way be placed

by application of the Heisenberg uncertainty principle. The exchange
rate decreases upon lowering the temperature, and at 230 K, the lifetime
of a given occupational state becomes comparable to the reciprocal of the
difference in coupling constants, resulting in significant broadening of
the appropriate peaks (29). At temperatures below the coalescence point
(not attained here due to inhomogeneous line broadening), the odd
electron would appear localized on the ESR time scale, and the spectrum

is predicted to be a 1:2:] ctriplet in the absence of hyperfine
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Figure 2. First derivative_ESR spectra of triptycene bis(quinone)
radical anion, 3 °.

(a) At 243 K
(b) At 223K
(c) At 213k
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interection with the unoccupied ring.

Inspection of Figure 3 clarifies the details of the linewidth
alternation effect. Under conditions of rspid electron exchange, the
spectrum appears as one set of four equivalent protons with the incensicy
retio 134363431, At low temperatures when the exchange is slow, the
spectrum appeers to be that of two sets of two equivalent protons (with
ons set of un-O). At intermediate rates of exchange, the positions
of the lines in which the tvo protons have the same quantum numbers do
not shift., However, lines where the protons have different quantum
nunbers become brosd since the splitting is changing between the values

‘lﬂ and aza. This results in a splitcing pattern of 1:43]1 in sharp
lines with line separation equaling the sum of the non—interconverting
species (ulﬂ + al, ’

Since the occupstional states sre of equal energy and hence, equally
populated, the mean lifecime of a given state ('h or'E) is the reciprocal

of the rate constant (kA or k‘).
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Figure 3. The mechanism of the alternating linewidth effect in

triptycene bis(quinone) radical anion, 3.
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Under conditions of fast exchange or intermediate exchange, the rate

constant for electron jump, kA or kB is given by equation (1)
{30].

Yo H H,2
k=g (0 - ay) /63 (awideh) (1)
vhere Ye is the magnetogyric ratio of the free electron, .ﬂl and

a“z are the limiting values of the hyperfine splitting frequencies,

and A width {s the difference in line width at half height between
broadened and sharp peaks. TFrom values of A width obtained between 273
and 248 K, the energy barrier for electron migracion in 3 ° was

calculated as Aﬂ* = 6,2 kcal ml‘l

» With an entropy of

activacion A 8" = =7.,0 esus These values are assumed to reflect

the behavior of che free ion 3 ° since stoichiometric quantities

of [2.2.2]~cryptand were introduced into cuacu solutions to scavange
the potassium counterion, thus precluding the existence of fon pairs of
the type .

Continued electrolyic reduction of solutions containing 3"
resulted in asymmetric ESR spectra due to the appearance of a second
paramagnetic species which was not time averaged with x P Upon
prolonged reduction (0.5 to 3.0 hours, depending upon the working
potential), the pentet disappeared completely to give a 1:2:1 criplet
(a"-z.w G [21's), g=2.00506 in DHSO, Figure 4). Chemical reductants
such as potassium gg_gg-b;:coxtde. when employed in excess (~ 1.0 M in

DHS0), produced similar spectra in solutions containing 3 or 3.

The species responsible for the 1:2:1 criplet was stable to



Figure 4. First derivative ESR spectrum of triptycene bis(quinone)
diradical diantion ' 3 °,
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molecular oxygen and could be observed in doth nucleophilic and
non-nucleophilic medis, in the presence or absence of potassium ions.
Electrolysis in protic cosolvents such as nuso-nzo (80:20) appeared

to facilitate the formation of the 1:2:1 triplet which was unchanged upon
dilution.

The identity of the species attributed to the 1:2:] triplet is quite
problematic and has been the subject of extensive investigation and
debate. A detailed rationale is thus presented here to justify the
assignaent.

In accordance with the acceptor propercties of quinones, triptycene
bis(quinone) may in principle, accept a maximum of four electrons. The
highest reduction state 3? is diamagnetic, and need not be
considered furcther, while both 3 ° and the trianion radical
5" (to be discussed subsequently) have been characterized and
assigned without difficulty. The remaining two~-electron reduction
product, 5' is expected to show diradical rather than dianion
character in viev of the available electrochemical data (first and second
Buz of p-benzoquinone = -0.35 v and -1.20 v, respectively) (31].

Thus, casual consideration of the data would suggest a straight !orwaéd
assignment of the 1:2:] triplet to a diradical species. However, such an
assignment poses scme difficulty and could appear irreconcilable with the
existing body of knowledge pertaining to the ESR spectral characteristics
of divadicals.

From the large number of organic diradicals that have been studied,
it has become clear that the do;iaau: magnetic interactions to be

c#nside:ed in these species are the scalar spin exchange term (J), the
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electron=electron dipolar coupling which gives rise to the zero field
splitcing parameter (D), and the nuclear spin isotropic hyperfine
interactions (A) (32].

Scheme I

ca., ~l.2v l Ell2 % «0,43v

The spin exchange term (J) is a measure of the frequency with which the
unpaired electrons interchange their respective domains, and thus of the
energy separation between the singlet and triplet states. The most
common means by which electron-electron spin exchange occurs in these
species, is by the spatial encounter of the two moieties of the

diradical, each bearing an unpaired electron [33);

. | ' ' t
P 3 Bt o Pep® L By g% L By p?

-
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In instances of slow exchange, the weak coupling leads to a degenerate
ground state in the diradical (singlet-triplet energy difference of
zero), while in cases of fast exchange, the strong interaction gives rise
to finite differences in the respective singlet and triplet energy
states,

Characteristic magnitudes of the electron-nuclear hyperfine
interaction (a) in organic radicals assume vslues between 0-25 Gauss (A
5,73107 ncc"). In dirsedicals where the two electrons are
well separsted spatially ( > 10 K). the possibility exists that |J| will
be small and hence, |J| << |A|, resulting in solution ESR spectra with
sharp lines (~0.1 G width) of spacing |A|, identical to those observed
for the corresponding doublet monoradicals [34]. A change in the
frequency of electronic exchange between the two paramagnetic spin
centers may be brought about by structural modification of the
interconnecting medium. A shortening of the mean distance between spin
points would presumably mean enhanced values of |J|, as would modulation
of the spin exchange term due to extended intramoleculur conformational
mobility at elevated temperatures [35). At a high frequéncy of
electronic exchange (sightly exceeding the frequency of hyperfine
interaction), the mean residence time of each electron at the nuclei
fmparting hyperfine interaction is the same, and results in an ESR
spectrum gshowng hyperfine coupling to both radical fragments with line
separation |A|/2. It is interesting to note, however, that for either
case, |J| >> A or |J| (k |al, cthe detection of an ESR signal in fluid
solution is entirely contingent upon an important magnetic parameter, the

anisotropic electron-electron dipolar interaction [36]. The nature of this
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coupling is analogous to the interaction between electron and nuclear
dipoles wich gives rise to anisotropic hyperfine interaction, and is best

presented schematically.

7

Consider the rigid disposition of radical fragment A with respect
to B, separated by a distance r, and imparting an angle 8 to the applied
field H . The instantaneous magnetic field felt at electron A (HA) is
given by equacion (2) [32), where g 18 the magnetic moment of the second

electron.

H

_ : Hg 2
, =B, *Hy =H *—3(3Cos” 8 -1) (2)

) 4

The dipolar interaction is thus dependent upon the orientation of the
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molecule with respect to the external magnetic field, and in solutions
possessing sufficient molecular motion, the random and rapid fluctuation
in 9 may result in the averaging of the anisotropic electron-electron
dipolar moment. 1In instances wherein the dipolar coupling is weak (i.e.,
at large values of r), the anisotropic interaction is averaged out by
Brownian motion, and well resolved ESR spectra may be obtained. However,
values of the azero field splitting parameter (D), much in excess of 100
MHz, result in considerable line broadening of the solution ESR spectra.
This increase in linewidth may encompass several orders of magnitude, and
has its origins in veduced lifetimes of the spin states, since in
solutions of low viscosity, the rapid cumbling of the triplets (with
large |D]) givc rise to strongly oscillating magnectic fields and hence,
provide an additional relaxation mechanism, leading to broadened
resonances. ESR detection of species with (D > 100 MHz) in solution is
thus often unsuccessful, with the resonance absorption broadened over
hundreds, or perhaps thousands of Gauas. However, this limitation is
partially overcome by the observation of triplets in viscous media
Jherein the rates of molecular tumbling are somewhat attenuated. In such
cases of restricted motion, the spectra are a composite of absorptions
from all cthe individual orientacions, and are therefore smeared out over
the range of the dipolar splicting.

In summary, the form of the fluid ESR spectrum of a system with S=]
depends critically on the magnitude of the zero field splitting parameter
D, and on the relative ;aguizude of J as compared to the hyperfine
coupling constant A. In the limiting case |J| << |A}, simply a

superposition of the spectra of the independent monoradical halves is
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obtsined, while in the case where |J] >> JA|, hyperfine coupling of each
unpaired electron to sll the interscting magnetic nuclei is apparent. If
D is smaller then spproximately 100 MHz, the anisotropic
electron-electron dipolar coupling may be avereged to zero by rapid
molecular tumbling, resulting in well resolved spectra [34].

In analogy to numerous ESR studies of dirsdicals and triplets such
ss the bis(nitroxides) [37,38] and bis(hydrazyls)[39], the ESR spectrunm
of the dianion dirsdical of triptycene bis(quinone) °3°°,
should wicthout quastion, show strong manifestations of the characteristic
magnetic forces operating in species with S=1, However, the spectrum
(which tskes the form of a solution 1:2:1 triplet of sharp lines), if
assigned to a diradical, would appesr to entail unusual magnetic
interactions in this species, since the triplet of Figure 4 would only be
consistent with a dirsdical structure if |J]| << |A|, with a
singlet=triplet diradical energy separstion of spproximately zero. In
such a case, there are only thru,AMs'l energy tt.:anti:ions between the
T+, To and singlet diradical stetes, when each electron undergoes
hyperfine splitting by tvwo equivalent hydrogen atoms [40,41].
Addicionally, the lack of significant line broadening in the solution
spectrum indicates the absence of a large zero field splitting parameter
D (certainly much less than 30 Gauss, since the lines do not appear
appreciably broader in £rozen DMSO solutions at 273 K),

The relative values of |J| and D for *"3™° are therefore
in contrast to those for bis-nitroxides of similar, rigid constitucion,
such as N,N'~di-t-butyl-|[2,2]~paracyclophan-4,16~diylbisnicroxide 4,

for which an average distance r of 6.8 2 between paramagnetic centers can
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be calculated using a point-dipole approximacion. The ESR spectrum of
4 shous fast exchange betwaeen the two unpaired electrons (|J| >
|A]), and suffers from considerable line broadening due to the large zero

field splitting value of approximately 240 MHz [42].

Ly

5

Numerous other examples with similar values of r (4-8 7\) continue this
trend, often showing |J| >> |A| and values of D in excess of 200 Mz
(43=45).

In "3 °, the average distance becween the two unpaired
electrons may be estimated at approximately 6 X. By analogy, therefore,
the ESR spectrum of the diradical dianion ° 3 ° might be expected
to show properties of fast electronic exchange (|J| >> |A]) and large
values of D so as to broaden the resonance significantly. The solution
to this dichotomy may rest in the nature of the molecular orbitals
harboring cthe free electron. In the case of the bis-nitroxides, most of
the wnpaired spin is localized over the nitroxyl moieties, giving rise to
proximate loci of high electron spin density. In contrast, the singly

.-

occupied molecular orbitals in *~3 ° have large pi perimeters
over which the electrons are completely delocalized, and it is entirely
possible that the lack of significant electron-electron dipolar coupling

fn "3 ° arises from much greater charge and dipole moment
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separation than {s predicted from a spin point expression.

The low frequency of electronic exchange in °~3 * (J « 73107

Miz)
uay have its origins in the extremely rigid disposition of che
paranagnetic fragments relative to each other. The lack of
conformational mobilicy undoubtedly precludes the close intramolecular
approach of the radical containing moieties, thus drastically reducing
the probability of direct spin exchange. While indirect mechanisms for
spin exchange have, on occasion baen put forth to explain electronic
inceraction between diatant spin centers which lack conformational
mobilicy [46), electron exchange via the polarization of core sigma and
pi electrons does not appear important in ° 3 °.

The possibilities of assigning the 1:2:]1 triplet to structures other
than a diradical have been examined. The most plausible alternative
appeered to be the quinhydrone radical anion 3, which could
conceivably srise from the spontanesous protonation of the trianion
radical i". An observation which supported this hypothesis was
the fact that the 1:2:] criplet could be observed much more readily when
the electrolysis was csrried out in the presence of possible proton
sources such as methanol or water. Further chemical or e¢lectrolytic
reduction would presunably then lead to deprotonation, giving

35'. (Scheme 11).
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Scheame II

This hypothasis was teeted by the generation of i". followed by
introduction of water via a fine capillary into the sample chamber under
obaervation. The lack of significant chause’in the ESR spaectrum of
f" indicated a poor propensity of is' to protonate under
the given conditions. The quinhydrone radical anion was therefore
disnissed as a major source of the 1:2:]1 triplet. Attempts to generate
3 directly from the neutral quinhydrone failed due to a
disproportionation equilibrium involving the bis(quinone) 3 and the
corresponding bis(hydroquinone).

A second alternative regarding the identity of cthe 1:2:1 ctriplet
arose from the possible presence in trace quantities, of 6,

especially since the final sequence in the synthesis of triptycene
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bis(quinone) involved the oxidative demethylation of the dimethyl ether.

=

Rsh's

This possibility was ruled out by careful apectroscopic examination,
which revealed the bulk sample of 3 to be snalytically pure.

It {s thua the present suthor's contention, that in light of the
experimentsl dats, sssignment of the 1323l triplet is most ressonably
nsde to the disnion diradical of triptycene bis(quinone), "3 °.

Extensive electrolysis st high veduction potentials of solutions
containing * 3 ° resulted in the appearance of a third paramagnetic
speciecs, a new pentet OI'IQWQt g velue than for the composite spectra
for 37 and 73" (a"=1.30 G [4H's], §=2.00495, DMSO, Pigure Sa).

This new species could also be generated via the sction of (0.1 M)
potassium tert-butoxide and [2.2.2])-cryptand/18-crown=6 ether on
solutions containing 3 ° snd °~3 °. Addition of neutral 3 converted
the new spectrum to one containing a mixture of both 3 ° and *"3 °,
while trace quahcitlcs of molecular oxygen immediately destroyed the
highly reactive pentet to give a residual signal analyzed as a doublet
of doublets (2, = 2,00 G (1], a," = 2.35 G (1], g = 2.0020), which is
believed to be a semiquinone dianion in which one ring has been
substituted by OB or OR.

Ion pairing did not alter the appearance of the low g pentet, which



Figure 5. First derivative ESR spectrum of criptycene
bis(quinone) radical trianion, 3%, () At 298 K
(b) At 260 K (c) Ac 238 K
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vas obearved electrolytically in (0.1 M) KI, or in the presence of an
axcess or daficiency of a complexing agent when generated chemically.

The apparent role of the crown ether or cryptand in generating the pentet
vas thus merely that of extending the reducing capacity, by dieruption of
ion pairs in the chemical reductant.

The high reactivity, the form of the low g pentet, and the delayad
eppearance of thia apecies along the reduction sequence are consistent
with the expected properties of the trianion radical i". At 298 K,
the pentet assigned to the trianion radical 3" displayed selective
1line bdroadening of the second and fourth peaks. Cooling the 083CN
solution to 253 K resulted in a 1:4:] triplet of sharp wing and center
peaks, while warming caused the splitting pattern to approach the normal
binomial ratios of 114363431 (Figure 5b,c). As in the case of the
radical monoanion, these temperature dependent alternating linewidth
effects were coupletely reversible, and have been attributed to
intramolecular electron jump, rather than to a process involving chemical
change.

The energy barrier for electron migration between the quinone
moieties in i" was calculated from the selective line broadening
data obtained between 293 and 233 K, and the values of Au* = 3,7

keal mol™}

and AS’ = -14,0 e.,u sharply contrast those calculated

for 37° (AW = 6.2 keal mol™}, a5 = <7.0 e.u). The lower
activation energy in the trianion may be due to the greater electronic
repulsion in the dianion moiety of 35’. while the highly

unfavorable entropy of activation may retard electron migration due to

the necessary reorganization that must occur in the solvation sphere of
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this highly reduced and ordered species.

The ESR study of polysemiquinones was continued wicth the radical
anions of 9,10=dihydro~9,10(1',2']}=benzencanthracene-1,4,5,8,13,16~

hexona, from hereon known as triptycene tria(quinone), 7.

Electrolytic reduction of 7 in DHMSO or cuacn with TBAP as
supporting electrolyte at a Hg pool or Pt electrode initially gave a
binomial septet which was most reasonably assigned to the radical
monoanion, 7 ° (a“ = 0,66 G [6H'a), g=2.00507 in DMSO, Figure
6). An identical spectrum could be obtained by treatment of 7 with
trace quanctities of poéassiun'ggggrbucoxide in DMSO. The spectrum for
77° shoved no evidence for selective line broadening in the
temperature range atudied, and the hydrogen atoms in all three quinone
rings remain time averaged by rapid electron migration at temperatures as
low as 183 K.

Prolonged electrolysis at higher reduction potentials, or reaction
of solutions containing 7 ° or 7 with (0.1 M) potassium tert-
butoxide resulted in a new paramagnetic species showing hyperfine
structure due to two equivalent hydrogen atoms, (Figure 7). 1Imn analogy

to the reduction products observed for triptycene bis(quinone), this ESR



Figure 6. First derivative ESR spectrum of triptycene tris~
(quinone) radical anion, 7 °.
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specttum was assigned to the triradical trianion * 7 ° in which the

zero field splitting parameter is consideradbly less than 100 MMz, and
there is no correlation between the unpaired electrons (|J| << |A]). The
intermediate parassgnetic reduction state ° 7 ° could not be identified
as a discrete species possibly because the ESR spectrum of the diradical
dianion is expected to be a binomial septet, and is perhaps
indistinguishable from that dus to 7 °.

At still higher reduction potentials, a second septet was produced
which wvas not time averaged with the 1:2:] triplet that preceded it
(a“-o.ea G [6 H's], !igurc.a). This species, tentatively assigned to
the diradical tetraanion ';" vas quite unstable and disappeared
immediately upon cessation of electrolysis. Although the form of the
septet (not in correct binomial ratio, possibly due to selective line
broadening or an overlap of a mixture of species) invited further
inquiry, the highly fleeting nature of the species ruled out this
possibilicy.

In summary, the reduction of 7 gave rise to a number of para-
magnetic species, three of which have been spectrally isolated and
identified. The existence of five possible paramagnetic states prevented
the unequivocal assigmment of the higher reduction states, especially
since the chemical reaction of 7 with potassium tert-butoxide/([2.2.2])-
cryptand resulted in complex mixtures rather than in a single, highly
reduced component as in the case of the bis(quinone).

In the triptycene ;ris(quinone) system, intramolecular electron jump

occurs more readily than for the bis(quinone). This may have its origins



Figure 7. First derivative ESR spgctrum of triptycene tris(quinone)
triradical trianion. * 7 °.






Figure 8. First derivative ESR spactrum of rip:yceno tris-
(quinone) dirsdical tectraanion, .
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¢ for elactron migration in 7 °. 1t is impor-

in a mora favorable AS
tant to note here, that the question of energy barriers for such
processes as intramolecular electron transfer in 77° cannot be

addressed satisfactorily in cases where linewidth alternation is not
observed. At the lowest attainable temperatures (generally about 180 K),
organic radieallbwi:h typical linewidths of 0.1 to 1.0 G will exhibit
insignificant selective line broadening for exchange proceases occurring

8 ncc-l [20). The

at a frequency in excess of approximately 10
tern "fast electron exchange” thus makes reference to the ESR time scale,
and does not necessarily invoke delocalization of the unpaired electron,.
The appenditure of three quinone rings in a criptycene=like
framevork wherein all the quinone moieties are no longer equivalent may
be found in 5,7,12, l4~tetrahydro=5,14:7,12-di(1',2' J~benzenopentacene-

1,4,6,8,11,13-hexone, compound 8 [47].
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Electrolytic reduction of 8 (Hg pool, TBAP as supporting elactrolyte)

or treatment with trace amounts of potassium tert-butoxide in DMSO
inictlally gave the single line ESR spectrum of Figure 9. This species,
assigned to the radical monocanion 8 °, was stable to molecular

oxygen and could bde observed in the presence nr absence of potassiun
fons. The spectrum renained a one line pattern upon heating to 373 X,
and was essentially unchanged upon a one~hundred-fold dilucion. From che
lack of hyperfine structure in the spectruam for 8 °, it is

apparent that the unpaired electron resides predominantly in the central
ving where Lt remalns localized up to 373 K, and to which thare ara a0
divaect cacbon-hydrogen linkages. This peculiar spin density
distribution, and the poor migratory aptitude of the unpaired olectron in
8° (ae compared to triptycene bis~ and tris(ssmiquinonas)] may

be a consequence of enhanced acceptor capacity of the cantral ring,
resulting in a lover ‘1/2 of the central ring as compared to the
peripheral quinone moietiee. Although the origins of the dascribed
effects In the central ring have not been firmly established, it appears
reasonable tht the inductive effects of two, electron poor quinone
moieties linked to the middle ring result in the latter acquiring much
greater electron deficiency, thus rendering it a more powerful electron
acceptor. Continued electrolytic reduction at higher potentials, or
treatment of solutions containing 8 or 8 * with (0.1 ¥)

potaseéium tert-butoxide in DMSO resulted in the appearance of a second
paramagnetic specles, a'l:Z:l triplet (a“-z.ao G [2 a's], miS0)
superimposed on the initial single line, (Figure 10), This new species

was most probably the two electron reduction product 8 °, with
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Figure 9. Firsc derivative ESR spectrum of 5,7,12,l4~cetrahydro~
5,14:7,12~d1|1",2" )~benzenopentacene-l,4,6,8,11,13~
hexone radical aniom, 8 ‘e



39

——————,
P A R

- -

L ymmmne s o

> -cm— 3

2+5 Gauss

»

Figure 10. First derivative ESR spectrum of 5,7,12,l4~tetrahydro-

5,14:7,12-di[1’,2" )zbenzenopentacene~1,4,6,8,11,13-hexone
diradical dianion, 8 °.
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the second electron acceptad into one of the peripheral quinone rings,

and in which the species satisfies the general trend established for di-
and triradical anions in the triptyrene sertes of |J| << |a|, and D &

100 ¥Hz. As expected, the relative proportions of the new triplet and the
inicial singlet were dependent upon the degree of ceduction, with the
triplet predominacing at higher potentials.

It is interesting to note, however, that the inequivalence of the
acceptor groups {n 8 result in the superpositioning of transitions
fron each paramagnetic center, leading to ESR spectra which reflect
veighted contributions fron the individually occupied states. This has
the consequence of eradicating any clear demarcation between the initial
reduction states, since the reduction sequence 8 — e - ‘.;.'
does not manifest itself {n discrere ESR spectra, but only in obscure
changes Lln the ratios of the contridbuting species. Thus, an ESR spectrun
showing a 1:2:1 triplet superimposed on a single line may indicate the
presence of the diradical dlanlon’;". a mixture of 8 ° and“ir'. or
pathaps even a combinatinn of ‘d:". 8 ° and *°8 °, with only a qualita=
tive evaluation on the predominating species being possible upon
fnspection of the 1:2:1/single line ratios, and the prevailing rveduction
potential.

Further reduction may, in principle, give rise to two possible
electronic structures, since the fourth electron may he accepted into
either of the outer rings, or into Ehe central quinone group (Table 1).
Should the diradical :;?raapion ("8 or “"8°) be the exclusive
species in solution, an ESR spectrum showing a perfect binomtal triplet

(consistent with electronic distribution in 4a), or a superposition of a
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1:2:1 triplet on a single line, somewhat similar to that obsecved for
é" would be seen (consistent with arrangement 4b). The fact
that at no tine during the reduction was a pure 1:2:1 triplet observed,
is indicative of an electronic arrangement as in &a, although it 1is
recognized that a mixture of three and four electon (4a) products would
tend to distort and obscure a binomial triplet, as would a mixture of 4a
and 4h,

Extensive electrolysis at still higher potentials gave rise to a
reactive species with a well defined BSR spectrum, a new one line pattern
of lower g value than for 3. (rigure 11). This species was assigned
to the monoradical pentaanion -:n. vwith the fifth electron having
entered the available outer ring (Table 1, #5a). The propensity of the
five and possibly the four electron reduction products of 8 to assume
an alectronic distribution wherein the central ring remains partially
vacant (#5a and #4a in Table |, respectively) can once again be
rationalized in terms of inductive effects. As discussed previously, the
peripheral quinone rings in neutral 8 render the central quinone
moiety electron deficient via an inductive polarization mechanisn. Tha
triradical trianion ‘Ji". in which the outer rings each:
harbor an unpaired electron now create reverse polarization effects,
rendering the central quinone relatively electron riche An incoming
electron would thus be preferentially accommodated in one of the outer
rings. A similar arsumgn: may be put forth in the case of the
monoradical pantaanion, wherein the electronic repulsion would tend to be
minimized should the final electron be taken into the available outer

ring, rather than the partially vacant central position,
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Figure 1l. First derivative ESR spectrum of 5,7,12,l4~cetrahydro~
5,14:7,12~d4[1",2"')-penzenopentacene~1,4,6,8,11,13~
hexone monoradical pentaanion, .
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In sunmary, the differing acceptor strengths of the outer and

central quinone rings manifest themselves strongly in the spin
disteibucion in the radical anions of 8, and while some of the
{ntermediata reduction states could not be assigned unequivocally, the
alectennic distridbutions in the first and finel paramagnetic ceduction

states have been firmly estadlished on the basis of their ESR spectra.

Table l. Electronic distribution in 8

-l N e onoweRtesoen -

# of added

Electrons Ring ! Ring 2 Ring 3 Predicted FSR Spectra

1 | Singlet

2 a a Singlet superimposed on
L 1 Triplet

3 Singlet superimposed on
1 t ! scronger Triplet

4(a) Singlet superimposed on

ti t ' Triplet

4(b)b t 14 t Binomial Triplet

S(a)b T t t Hew Singlet

5(b) ' s ' Binomial Triplec

a
Singlec-Triplet energy difference is zero, relative orientations
of spin vectors have no significance.

DNot seen spectroscopically.

C. Conclusion
The radical anlons of triptycene bis- and tris(quinones), and those
of §,7,12, l4~tetrahydro=5,14:7,12-d1[1’,2' ]-benzenopentacene~

1,4,6,8,11,13~hexone have been investigated by ESR epectroscopy, and
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found to exhidit a number of extremely interesting magnetic and chemical

propercies. At 298 K, the four hydrogen atoms in triptycene bis(quinone)
mono= and triaafon cadleals ace tine averaged by electron migration for
which an energy barrier was calculated from selective line droadening
observed at subambient temperatures. Surprisingly, an intermediate two
electron veduction product with a well resolved ESR spectrum wae also
nbserved, but is only consistent with the form of the spectrum tf |J| <<
|A], end D << 100 MHz. Alternate explenations for this unexpected
species were sought, but have been found to be lsee satiefactory than the
agsignment to the diradical dianion structure.

Reduction of triptycene tris(quinone) also gave rise to a number of

discrete paramagnetic species. The initially observed spectrum was a

binomial septet, agatn reflecting a species where all the quinone
hydrogens are time averaged by intramolecular electron jump. This
process remained rapid at temperatures as low as 183 K. Further
reduction led to a species assigned to the triradical trianion in which
the conditions |J| << |A] and D << 100 MHz are fulfilled. At high
riductxcn potentials, a fleeting species consistent with the diradical
tetraanion was sometimes observed.

The initial reduction product of the triquinone 8 is best
described as a locallzed structure where the unpaired electron restides
primarily in the central ring. This observation i¢ consistent ~ith the
enhanced electron deficiency of the middle quinone. Upon furcher
reduction, a mixture ot'produc:c appeared which may have represented the
two, three and four electron reduction products., Finally, a highly

reduced species, the radical pentaanion is helieved to have been present
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at high potentials. The electronic distribution and the order of

eluctron filling are entirely consistent with minimized electron

repulsion in these paramagnetic states.
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TII., RADICAL IONS OF [2.2] METACYCLOPHANEQUINONE

Ae. Tntroduction

Numerous ceports have recantly appearaed on the synthesis and
donor-acceptor properties of ([2.2]paracyclophanequinones [48-507, [3.3]-
{S1] and (2.2]-mecacyclophanequinones [52]. While it would appear that
the intramolecular electronic interaction between the quinone groups in
the corresponding radical aninons is ideally suited for study by FESR
spectroscopy, such efforts have not been forthcoming.

The only existing data in print pertain to the reduction of
(2.2 )=paracyclophanequinone (9) and the quinhydrone (10) [25].

ey

The radical monocanion of 9 shows fast eleécron exchange between the

tvo acceptor sites, The two electron reduction produc:’is apparently
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dianagnet{c, with no hint of a thermally excited triplet state, and

continued electrolytic reduction is followed by protonatfon, resulting in
the quinhydrone raedical anion ld'f. (As demonstrated by volta=
metry|ESR,) Interestingly, che ESR spectra of 9 * and

10° are clained to be fdentical [53], sn observation which

necessitates much greater wobility of the hydroxyl hydrogen atoms in
ld". as coupared to ;hc neutral quinhydrone. Thus, while the

teianion radical 9.' does not appear to be a major species under
conditions of electrolytic reduction, alternate routes via the treatment
of 9, 10 or bishydroquinone 11 with chemical reductants such as

potassiun tert-butoxide/DMSO do not appear to have been investigated.

A

A report on the synthesis and the ready accessibility of

cricyclo[Q.S.l.lé'slhexadeca-é,7,ll,14—te:raene~6.13,15,16~ce:rone
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from hereon referred to as [2.2)metacyclophanequinone, prompted an ESR

investigation in our laboratories, and although the ESR spectra for

such species as 12°° are predicted to exhibit complex hyperfine
structure, it was recngntized that che [2.2)metacyclophane skeleton
provides the requisite high symmetry and conformational stability. 1In
addicion, such a study was expected to provide an important source for

comparison to the properties of [2.2)paracyclophanesemiquinones.

B, Results and Discussion
Electrolytic reductlon or treatment of 12 with trace quantities
of potassium tert-butoxide gave rise to a well resolved ESR signal, a
pentet of pentet of pentets (aln = 0,4 G [4 H's], aza =
0.8 G [4 H's], aaa = 1,26 [¢ R's], g=2.005288 in DXSO, Figure
12). Assignment of the hyperfine splitting constants in this radical
monoanion was made on a qualitative basis by comparison to the

" semiquinone 13, [54) with the smaller and intermediate



Figure 12. First derivative ESR spectrum of [ 2.2)metacyclo-
phanequinone radical aniom, 12°°
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coupling constsnts (al snd azn) being actributed to the

hydrogen atoms which reside in the proximity of the nodal plane of the pi
system. The lsrger splitting weas assigned to 33“, for which a
hyperconjugstive mechanism of spin delocalization is possible. The
radical monoanion was stable to molecular oxygen, and the spectrum
remained essentially unchanged upon addition of potassium fodide,
{2:2.2])=cryptand, or upen a one~hundred-fold dilution. The quinone rings
in 127° are time averaged by intramolecular electron trsnsfer, a

process which remains vapid on the ESR time scale since no selective line
broadening was observed at temperatures as low as 183 X,

Extensive electrolysis at higher potentials resulted in a complex
spectrum due to the appearance of a second species (?tsut; 13), and upon
prolonged reductiou! a more favorable ratio of che new radical revealed a
poorly resolved spectrum of which a major component could be identified
as a pentet of triplets of broad lines (on one occasion, oxidation of the
corresponding bishydroquinone resulted exclusively in this species,

a;“ = 2,37 G (4 u's], azn = 0.62 G, [3 H's], DMSO Figure l4). Cessation



Figure 13, First derivetive ESR spectrum observed upon extensive
electrolysis of |2.2)metacyciophanequinone 12.
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Figure 14. First derivative ESR spectrum assigned to [2.2)metacyclo~
phanequinbhydrone radical anion, 14 °
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of electrolysis once again led to a complex mixture, followed by a
return to the initially observaed radical monoanion 12", The

hyparfine coupling constants for the new species are consistent with the
quinhydrone radical anion 14", preaunably produced through the
immediate protonation of the trianion radical, and although this

observation would appear consistent with the properties of

(2.2 ]paracylophanequinone, the spectrum for quinhydrone 14 °

indicates a localized structure rather than one in which the high
mobilicy of the hydroxyl hydrogen atoms and unpaired electron render both
quinone rings equivalent (as is the case for 10 °). This important
difference may be due to the higher local symmetry and degree

of electronic averlap in 10 as compared to 14.

Electrolytic or chemical reduccion of pure quinhydrone 14 gave
rise to spectra identical to those attributed to the bis(semiquinone)
12°°. This observation may immediactely be construed as evidence
that the quinhydrone radical anion 14 ° and bis(semiquinone)

127* give identical ESR-spectra, however such a deduction may, in
the authors view, be superficial especially in view of the well
recognized disproportionacion equilibrium involving quinhydrones,
(Bquacion 3) [26].
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Thus, reduction of an equilbrium mixcure strongly in fevor of the
quinhydrone would neverthelees result in preferential reduction of the
bis(quinone), eince the ‘1/2 of the letter is often coneiderably
lowar than the corresponding quinhydrone, and quelitatively speaking, the
appearance of the ISR eignal in cthe reduction of either compound ie quite
siniler. 1t is therefore spparent that the reduction of 14 failed to
produce conclueive data on the etructure of the expected quinhydrone
radical enion l"‘. and that chemical or electrolytic methode of
reduction on bisquinone 12 or quinhydrone 14 did not produce any
clearly resolved signal that could be attributed to the trianion radical
12°°. The {nvestigation was thus continued with the bishydro-
qinone 13, in the hope that deprotonation followed by partial
oxidation would lead to the trianlon radical.
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This expectation waa realized via the treatment of 15 with

excess (~ 0.3 M) potassiun tert-butoxide in DMSO/DMF solutions,
whereupon an excellent ESR spectrum of sharp lines and extensive
hyperfine structure appeared (al“ = 1,826 (4 H's]), uz“ = 0,36 G (& H's],
agl 0.18 G (4 H's] in DMSO, Figure 15). This new species did not show
selective line broadening even at 183 X, and was stable for several
minutes at 298 K under a nitrogen atmosphere. However, minute traces of
eir introduced into the system immediately converted the spectrum to the
complex mixture similar to that previously observed in the electrolysis
of 12, while additional oxygen resulted in a complete conversion to

the spectrum due to the radical monoanion 12°°. The spectral and
chemical properties, coupled to the unique precursor requirements and
rather basic medium in which this species was generated, cnllectively
indicate a highly reduced specles such as the trianion radical

12". Thus, a successful search for the various paramagnetic

reduction states of the bis(quinone) 12 required the use of the
corresponding quinhydrone 14 and bishydroquinone 13, with the

trianion radical accessible only through the oxidation of 15 {n basic
solucion,

The electron deficient nature of polyquinones generally restricts
the nature of accessible paramagnetic states to electron addition
products. 1In the case of electron rich hydroquinones however, electron
ejection to give radical cations may occur in powerfully oxidizing media
such as concentrated n;soélxzszos or casxozlAJCl3. Thus, ESR studies
of radical cations derived from hydroquinone and derivatives have been

numerous and vevealing in terms of spin density discribution, and dynamic



Figure 15. TFirst derivative ESR spectrum of lZ.ZImccacyclo-
phanequinone radical trianion, 12™°,
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phenomena such as syn-anti isomerism (55,56]:

sefe Aprrmnena— oo

H

The resdy availability of the bishydroquinone 13 and the expectation
thet spin distribution in the radical cation 15" would mimick that

in 15° proapted efforts to oxidize 13. Alcxslcnsuoz suspensions
consistently failed to produce an ESR gtznal. However, dissoluction of
13 in concentrated nzso‘ gave rise to a spectrum of fair quality, a nonet
of pentets (al“ - 2,50 G (8 R's), 02“ = 0,38 G {4 H's), g = 2.002977 1n
nzsoé. Figure 16). The hyparfine coupling constants in this spectrun
(which is presumably due to the radical cation 15"*) were

partially assigned on the basis of isotopic substitution of the hydroxyl
hydrogen atons, since dissolution of 15 in ozsoé resulted in

a binomial nonet of broad lines (a“ « 2,50 G (8 H's], Figure 17).

This result clearly established the pentet splitting in the protium
spectrumn as being due to the hydroxyl hydrogens, while the nonet
splicting is most probably a result of the fortuitous magnetic
equivalence of the ring and axial bridging hydrogens. The most
interesting feature of this species however, is the selective

line broadening displayed by the 2", 4*", 6™ and 8" peaks in the
original spectrum of ?iku:e 16. The linewidth alterating effects for
this species were quite real, although not as dramatic as those observed

in previous cases. This was a direct consequence of the rather liaited



Figure 16, First derivative ESR spectrum of lz.ZIQucyclo-
phanebishydraquinane radical cation, 15 ° In
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temperature cange withia which 15" could te observed, since
viscocity effecte dominated at low temperatures, and the radical decayed
rapidly above 348 K.

The origin of this selective line broadening is not entirely
unambigious. The most obvious possibility, that of intermediate rate of
hole transfar between the hydroquinoane rings does not seem reasonable in
view of the close proximity of the donor moieties. More importantly, the
deuterium substituted 15'° exhibited a binomial nonet, with no
evidence for selective line broadening, an observation which does not
lend credance to the proposed hypothesis. An alternate possibllicy
invokes an intermediate rate of syn-anti isomerism of the hydroxyl groups
tn 15", Such dynanic behavior would cause a fluctuation in the
magnetic enviromment, leading to an alternation of the hyperfine coupling

constants of the ring and bridging hydrogen atoms.

Upon deuteration, equivalent motion of the 0D group is expected tn give
rise to a considerably attenuated fluctuation in the local magnetic
enviroment of the }tng and bridging nuclei, which could conceivably
erradicate any observable line width alternation. This expectarion s
based on the much saaller magnetic moment of dauterium as compared to
zhaf nf hydrogen ‘“n/“u =D,

This investigation has thus revealed important differences in the



Figure 17.  First derivative ESR spectrum of [2.2Imgtacyclo-
phanebishydroquinone radical cation, 15 ° in
nzm‘.
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properties of the radical anions of [2.2)metacyclophanequinone as
compared to those darived from the [2.2] paracyclophanequinone and
triptycans quinone series. The contrasting bdehavior of triptycena
bis({quinone) end {2.2] metscyclophanequinone upon reduction may stem from
differing etrengths of the intremolecular electronic intarsction, a
property closely dependent upon the relative gecmetric disposition of the
ecceptor groups. An obacrvu:ion consistent with the stronger interaction
in 12 1ie that intremoleculer electron trensfer occurs more readily in
127° and 12" than 1c does 1n 3°° end 3°°. Another such observation is '
the second and third half wave potentiala of 12, which are consider-
ably higher and further apart than for 3, reeulting in protonation of
the higher reduction states of 12 during electrolysia. Further
indication of the eforementioned effecta may be inferred from the absence
of an observable intermediate reduction product :uch as
*“127°, which may indicate a species vhere |3 >> |A| and D
>> 100 MRz, consistent with the strong interaction expected for such a
species. 1In the event that the two electron reduction product has a
ground state or thermally accessible triplet state, the solution ESR
spectrum is predicted to be undetectably broad.

The most important difference between the vadical ifons of
(2.2)metacyclophanequinone and EZ.ija:acyclophanequinone appears to be
the contrasting form of the ESR spectra for the quin&yd:one radical
anfons 10°° and 14", 7This difference has been discussed in terms of

the higher symmetry of 10 °.
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C. Conclusion

The ESR spectrum for the radical monoanion of [2.2]metacyclophane=
quinone reveals a symmetric ion due to fast electron exchange bdetween the
quinone rings. The hyperfine coupling constante in this speciss have
been assigned in view of the geometries of the interacting nuclei with
reepect to the plane of the pi system, and on the basis of splitting
contents in appropriately substituted monomeric semiquinones. Extensive
electrolysis of the bis(quinone) resulted in complex mixtures of the
radical monoanion and the diprotonated form of the trianion radical
(quinhydrone radical anion). Reduction of the quinhydrone gave a
spectrum identical to that observed in the reduction of the bie(quinone).
The possibilicy that both, the quinhydrone and the bis(quinone) lead to
identical spectra is viewed as unlikely in light of the raid scrambling
of the hydroxyl hydrogens that would be necessary to establish the
required synaetry in the quinhydrone radical anion. The observation of
bis(quinone) radical anion in the reduction of the quinhydrone has been
attributed to a disproportionation equilibrium. Deconvolution of complex
mixtures which arose upon extensive electrolysis of the bis(quinone)
reveals a component consisting of a pentet of triplets of broed lines.
Thie spectrum is assigned to the localized quinhydrone radical anion.

The trianion radical of the bis(quinone) was found to be accessiblz
only via the oxidatlon of the bishydvoquinone in basic solution. Tha
spectrum showed fast intramolecular electron exchange, and the properties
of this species are consistent with a highly reduced structure,

Important differences in the properties of the radical anions derived

from triptycene bis(quinone) and the [2.2])metacyclophanesemiquinones
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have been catonalized in terms of the greater Jdegree of slaectronic

overlap in the cyclophene.
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IV. RADICAL ANIONS DERIVED FROM NAPHTHALENETETRONE DERIVATIVES

AND BRIDGED P-BENZOQUINONES

A. Introduction

ESR spectra of the radical snions derived from the triptycenequinone
snd metacyclophanequinone series have ﬁrcvidcd information on the
characteristic spin distridbution properties in dis- snd
tris(semiquinones) vwherein s specific geometric relationship between the
quinone groups is enforced by the rigidity of the bridging carbon
skeleton. Questions remain, however, on the properties of radical snions
derived form molecules having rigid or semi rigid skeletons wherein the
electron acceptors are other than quinone rings. To this end,
9,10-dihydro~9,10(1',2" )-benzeno-4a,%s,~[2 |butencanthracene~1,4,17,20~
tetrone, compound 16, and 1,4~dihydro-4a,8a~(2)buteno=-1,4~
methanonaphthalene-$5,8,9,12=tetrone, compound 17, were synthesised
(57] and their ESR spectra examined upon reduction.

16 17

Other important considerations, such as the consequence of increased
flexibility of the bridge interconnecting the acceptor groups, have been
addressed by the study of the radical anions of 1°',2'-bis(2,5~benzo~
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quinonyl)ethane (58] 18 °, in which a mutually coplanar

arrangemant of the quinone rings need not be the preferrad conformation.

Finally, the effacte on the spin density dietribution upon substitution
by sulphur in place of carbon in the interconnecting bridgs has besn
investigeted via the vedical anion of 2,3,7,8-tetranethyl~-

1,4,6,9=thianthreanetecrone, 19 (59]).

e s oy
HyC s cHy
19

B. Results and Discussion
Electrolytic reduction or treatment of 16 with trace amounts
( ~1.0 mg) of potassium tert-butoxide resulted in the spectrum of
Pigure 18a (a," = 2.5 G [4 B's), a," = 0,2 G [2 H's), g =

2.005077 in DMSO). Assignment of hyperfine coupling constants in this



First derivative ESR spectrum of 1,4~dihydro-4a,Ba-
lllbuteuo-!.Aqnecganonaphmhalene-5.8.9,lz-tetrone
radical anton, 16 °. (a) At 298 K (b) At 183 K,

Figure 1A,
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species was strefghtforverd in view of the numbers in each set of

interacting nuclei.

The radical monoanion 16 ° showed fast electron exchange between
the two enedione noieties at temperatures as low as 183 K. At these
temperaturea, the low field lines of the spectrum appeared significantly
broadened (Figure 18b), possibly due to a slow exchange mode involving
the ton paired (I.P.) and free fon (F.I.) forms of 16 °.

TPe® + Folo & F.I.* + I,.P,

This possibility could not be firmly established since addition cf

complexing agents such as [2.2.2]~cryptand or 18=crown-6 ether resulted
in the cleavage of 16 ° to give the triptycene mono(quinone)

radical anfon 20 ° [14). This side reaction has been attributed

]
sco .

The fdentity of the new species was verified by additfon of authentic

to the increased reactivity of the free alkoxide ion, Me

20 into the ESR cell, whereupon only an enhancement of signal

intensity was observed.



16 ° 20 °

Prolonged electrolysis or reduction of 16 at higher potentials
resultad {n complex mixtures of which a major component was identified as

the naphthazarin radical anion 21 ° [60]. The high potentials at which

this observation was made suggests that the cycloreversion process

leading to 21 may occur via the dianion. Thus, although



some of the properties of the radical monoanion 16 ° could be
readily elucidated from its ESR spectrum, the scope of this study
in terms of detection of higher paramagnetic states was
severely limited in Qicv of the poor stabilicy of 167 in highly
basic media.

Chemical or electrolytic reduction of adduct 17 resulted in a

nixcture of species, one of which vas a broad pentet, possibly due to the

radical monoanion 17 °,

The pentet splitting would be consistent with fast electron exchange
between the slightly differing enedione groups, with pessible
contribution to the overall linewidth from additional hyperfine due to
the bridgehead hydrogens. However, as with 16 °, the propensity

of the radical ion to undergo cycloreversion and other irreversible
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chemical changes precluded a more detailed investigation.

Chemical or electrolytic reduction of bis(quinone) 18 initially
resulted in a well resolved ESR spectrum (al" = 2,39 G [21's], '2“ -
2,59 G (18], a," = 1,38 G (1 4], a," 20,16 [1 1) tn DHSO, Figure 19).
The splitting pattern is consistent with the radical anion 18 °
in which the unpaired electron remains localized in one quinone group,
possidly due to a preferred conformation where the quinone rings extend a
considerable distance whereupon non—-bonded intereactions are minimized,
or one in which a high dihedral angle precludes favorable overlap between
the acceptor groups. The spectrum for 18 ° cenained unchanged
upon exposure to nolecular oxygen but suffered irreversible change upon
heating due to chemlcal transformation in the basic medium. Thus, spin
distribution in the radial nonoanion remains unc,r:atn for tempecatures
ln excess of 310 K.

On occasion, extensive electrolysis of solutions containing
18 ° resulted in the appearance of a second paranagnetic species
of lower g value (‘1“ = 2,7 G [4U's], azn = 0,65 G [4H's]), 43“ = 0.20 G
[2H's) in DMSO, Figure 20). While the hyperfine coupling constants could
not be assigned unequivacally without isotopic substituton, the overall
splitting pattern in this species is consistent with the trianion radical
18", this time with the unpaired electron showing fast exchange
between the two sites. An interesting observation, thus, is the dramatic
difference in spin discribution between the one and three alectron
reduction products, an.bccuz:ence which appears to have precedent for
conjugated bis(quinones) of type 1, previously described. The rapid

- -
electron transfer tn 18 ' as compared to 18 ° may be due






2.5 Gauss
e

Figure 20. First derivative ESR spectrum of 1',2'-bis(2, 5~benzo~
quinonyl)ethane radical trianion 18*' (major),
and radical anion 18 ° (minor).
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to a more favorabdle AH“ for electron migration in the trianion
radical, although other possibilicies, such as Jlffering conformational
preferences in the two speciea cannot de ruled out.
Electrolytic or chcmtc;l reduction of the thianthrene derivative
19 inicially resulted in the dinomial tridecate of Figure 21 (a“
= 0,52 G [12's] in DMSO). This species, assigned to the radicel
monanion was stable to moleculer axygen, and maintained equal spin
distribuction in both quinone rings at teaperetures as iow as 183 X,
Continued electrolysis at higher reduction potentials or treatment
of solutions containing 19 ° wich (0.1 M) potessium tert-butoxide
gave rise to e multitude of species, one of which could dbe clearly
dentified as a binomtal septet (a“ s 2,0 G (6H's]) in DMSO). Tha
identity of cthis species is unknown, since the form of the spectrum does
not appear consistenct with a higher reduction product of 19, The
possibility that cthis spacies arose from cleavage reactions of
19"° hus nat been ruled out.
Finally, in an attempt to further extend upon the array of highly
reduced bis(semiquinones), 1,4,5,8-naphthalenetetrone, compound 22
was prepared and electrolysed. The initially observed spectrum was the
well known, formally conjugated radical anion 22 ° [60) (an = 0,44 G [4H's)
in DMSO, Figure 22a). Concinued electrolysis at higher potentials
resulted in the appearance of a second species which was identified as
the naphthazarin radical anion, 2} ° (Figure 22b). Thus, it is
clear that the highly b;aic di- or trianions undergo rapid protonation in
solution, and that such species are not generally accessible via

electrolysis. (Excess quanticties of base introduced into the cell pior



Figure 21. Pirst derivative ESR spectrum of 2,3,7,8-tetramethyl-
1,4,6,9-thianthrenetatrone radical anioo, 19 °.






Figure 22. TFirst derivetive ESR spectra observed upon reduction of

1,4,5,8-naphthalenetetrone, 22.
(a) Electrolysis et low potentials.
(b) Prolonged electrolysis at high potentials.
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to electrolysis generally destroyed the bis(quinone) precursor.)

22 ‘ 2

Treatment of 21 with trace amounts of potassium tert-
butoxide gave the previously observed spectrum for 21°°, Figure
2Ja. Additional quantities of base often resulted in the appearance of a
second species of higher g value which was not time averaged with the
first (Figure 23b). At approximately (0.5 M) in potassium tert-
buioxtdc. the spectrum showed a single species (a“ = 2,40 G [41's]
in DMS0, Figure 23c). The ESR signal of Figure 23c disappeared
immediately upon exposure to molecular oxygen, and is consistent with the

trianion rvadical 22" .




Figure 23.

First derivative ESR spectrs observed upon reduction of do

-

naphthezarin, 21.

(a) Trsce potassiun tart-butoxide

(b) (~ 0.2M) in potassiuan tert-butoxide
(c) (~ 0.%) in potassium tert-butoxids.
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C. Conclusion

Radical enions of systems with ditffering acceptor groups and varying
interconnecting bridges have been descrided. Reduction of bis(enediones)
16 end 17 resulted in the corresponding radical monoanions which
shoved fast electron exchange between the two acceptor sites. Higher
paramagnetic reduction states could not be detected since further
reduction led to products derived from cycloreversion and cleavage
reactlons of the radical ions.

The spin distribucion in 18 ° may best be describad by a
localized semiquinone structure with limited mobility of the bridging
stoms, The weak interaction between the quinone groups hss been
attributed to poor ¢lectronic overlsp in the accessidle conformations,
On occasion, a highly reduced species bdelieved to ba che radical trianiun
18" was observed. The fast electron exchange in 18" as compared to
the radical monoanion may be due to a lower enthalpy of activation for
eluctron migracion in the trianion. No reference has been made to the
detection of an intermediate paramagnetic reduction product such as
*“18°°, since the ESR spectrum for such a species is
predicted to be indistinguishable from that of 18 °.

The ESR ‘spectrum of 19 ° reveals a symmetric ion in the
temperature range studied. It is possible that the presence of bridging
sulphur atoms effectively conjugate the quinone moieties, ;nd that the
unpaired electron is delocalized in this species.

Electrolytic reduccion of naphthalenetetrone 22 inicially gave

22 °. Higher potentials resulted in €urther reduction followed
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by immediate protonation to yield 217°. The tadical telanion
22“ was found to be accessible via reduction of naphthazarin in

basic solution,
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V. CONCLUSION TO PART 1

The investigations described in Part | of this dissertation have
attempted to address the question of spin distribucion as a function of
acceptor strength, tempevature, and reduction state in polysemiquinones
of varying geometric dispasition.

The most significant contribution of this ’:udy has been the
detection of diradical species which exhibit sharp ESR transitions in
non-viscous media, an observation that has been attributed to the neager
contribucion of dipolar relaxation to the overall linewidch due to
delocalization of cthe unpaired 2lactrons.

Also of significance, is the energy barrier for electron nigration
in triptycene bis(quinone) mono—~ and trianions, which reveals the
importance of solvation in the retardation of the rate of intramolecular
electron transfer in highly reduced species. The observation of a
genecal tceend of this nature may be contingent upon the conservation of
geometry or conformation in the two reduction states.

That small differences in acceptor strengths within molecules
results in dramatic changes in the distribution of spin has been clearly
shown in the radical fon 8 °, in which the unpaired electron
remains localized at the site of greater elactron deficiency. The order
of electron filling upon subsequent reduction followed a predicted
pattern based on the elgcc:on affinity of each site.

The form of ESR spectrum invariably failed to distinguish between
the initial reduction states such as X * and * X ° in species where the

electronic interaction between the acceptor groups is poor. This
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incuitive result is apparent in the reduction of 18, and must be kept
fn mind in che design of acceptor molecules for which a clear
spectroscopic diffecrentiation between radical and diradical ts desiced.
Pinally, the dangers of erroneous assignment of radical anions
generated at high alectrolytic potentials has been demoanstrated, and
extreme caution is necessary in view of possible protonation reactfions of

highly basic semiquinones such as 22".
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PART 11, CONFORMATIONAL ANALYSIS OF LARGE CARBOCYCLIC SEMIDIUNES
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1. INTRODUCTION TO MACROCYLIC SEMIDIONES

Radical fons decived fron the formal one electron reducciovn of

1,2=dionss are known as 1,2-seunidiones.

A vast number of these parsmagnetic species hae been generated, and
have been shown to serve as versatile spin probes in the elucidation of
diverse phunomena such as conformational equilibria, lon pairing and
radical reacrangements. The flret najor study of conformational mobilicy
in cyclic 1,2-semidiones was reporcted [30]) in 1967, The ESR spectra of
cyclobutane and cyclopentane~l,2-semidiones were shown to consist of
shacp pentets with binomial intsneities which remained unchanged between
183 and 343 K, revealing planar or less likely, rapidly equilibrating
structures. Cyclohexane-l,2-semidione was found to exist as a half-chair
contormation witha® = 4.0 keal mol~! and &8* = =1.0 e.u. for ring
taversion, calculatad from linewidth alternation observad batween 183
and 305 K, These values compare favorably with awﬁ?i of 5.3 kcal ml."l
tound for ring inversion of 2!2?3v3-4-5n§'6T26' cyclohexene by N.M.R.
Later studies revealed cycloheptane-l,2-gemidione to axist as a2 frozen
staggered conformation at 300 K {61). Cyclooctane~},2-semidione was
found to exhiblt a coaplex splitting pattern 4t 298 K, possibly due to a

mixture of conformations. However, at 370 K, the spectrum merged into a
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binomial pentet due to time averaging of the x-~hydrogen atoms [(62]). The
nine-nembered cyclic 1,2~semidione vas invastigated with the hope that
the trans (E) isomer would be detected. However, the ESR parsmeters
indicated a single species, conformationally stable between ZSC; and 320
K, snd consistant with the cis(2) senidione (63). Cyclodecane~
1,2=senidione wvas investigated only driefly, and also found to exist only
as the Z isomer [61].

Cycloundecane~1,2-semidione was found to exhibit two contrasting
splitting patterns, depending upon the conditions chosen. In the
presence of [2.2.2)=cryptand, the spectrum appeared to be a broad triplet
at 298 K, possibly due to the E~semidione. Upon addition of excess
potassium iodide (K1), a uconﬂ series of poorly resolved lines,
consistent with the Z isomer appeared (61). The lack of resolution and
the complexity of the ESR spectra for both species precluded a more
detailed analysis.

Semidiones, derived from twelve to fifteen-membered rings, were
found to exhibit a progressive trend toward better resolved ESR spectra
in the presence of ([2.2.2]-cryptand. Cyclododecane-l,2~semidione showed
hyperfine coupling constents due to four different hydrogen atoms at 400
K, indicating a frozen E conformation at that temperature [61]. The
thirteen-membered E-semidione shoved a similar three-doublet splitting
pattern at 310 K. Upon warming to 410 K, the spectrum merged into a
reasonably well defined triplet of triplets, indicating partial
equilibration of the x-hydrogens in the E conformation,
Cyclotetradecane~l,2~semidione was found to yield similar spectra to

those observed for the fifteen-membered ring, and was therfore
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(avest iguced only briefly [61].

Cyclopentadecane=-1,2-senidione gave a well cesolved ¢t x t act 300 X
in che presence of {2.2.2)-cryptand. At elevated tempecatures (=400
K) the spectrum shoved seluctive line bdroadening, however coalescance of
the lines could not de ohservad due to rapid decompositon of the
pacamagnetic lons. Addicfon of KI (0.5 M) to the solution containing the
E Llyomer, cesulted in the appearance of a second species, presumadly the
Z=senldlona. At 330 K, this spectrum consisted of a 131 mixture of a
t x t due to the E-semidione, and a binomial pentet from the Z isoner
fe2].

The important conformations in medium—large cyclic Z-semidiones
nay thus be suamarized as follows. Cycloheptane~l,2-semidione undergoes
observable confornatinnal wwtinn an the ESR time scale at 370 K, A sole
process Llntercoavacting two degenerate conformations (23a = 23b) canaot
alone account for th? nagnitudes ~f the splitting constants observed at
limiting temperatures, a discrepancy best ascrihed to the accessidility

of additional conformations at elevated temperatures ([61].

_ 0
o < )
2% 2 o

The KSR spectrum of the eight-membered Z-semidione is complex,
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possibly dua to a nixture of conformations at 300 X, Warming causes a

ceversible change to a peantet which has been attcidutad to the fluxional
cyclooctane~1,2-semidione. The nine-membered ring is conformacionally
stable at 300 X, and its FSR spectrum, like those of the seven- and
eight~membered rings also shows a variation with temperature. However,
in contrast to the lawer homologs, the total spectral width of the
nine~membered semidione does not alter dramatically with temperature, an
observation consistent with a simple interconversion between two

degenerate conformations.
L — ”
N ¢
o. o.

Conformational motion in the larger (eleven- to fifteen cardon)
cyclic Z-semidiones is interesting. The a-hydrogens in the eleven- and
tvelve-membered rings do not appear completely equilibratad at 380 X,
This effact is preseat, although to a lesser extant in the higher
homologs as wall, siic2 the thictaen ro fifzeen~aeaberad c¢lngs had to b
hweatad (a oeder to observe binomial pentets of sharp lines [6l],

*fost remarkable 1s'the_ahservatton that cyclohexane~1,2-semidione
exhibitas a highecr rate of conformational interconversion chan any of the

higher homologs studied. Apparently, the reduced enthalpy of activation



96
is offset by an exalted (negative) antropy term in the lacrge and "floppy"

rings.

Conclusions cegarding conformatinnal qobility in cn-cls and
other heteracyclic E-semidiones have recently been advanced [62-64).
The three~doublet (dxdxd) splitting pattern observed for the
cu-cu carbocycles above 300 K, and presumably those arising at
subambient temperatures for the 014 and cu rings have been
interpreted in terns of frozen asymmetric conformations, such as la=1d
(Scheme 111) [62), Por the C,, and C,, carbocycles, the ESR
spectrum exhibits four different bydroécn splittings act 400 K, revealing
extremely rigid conformations even at high temperatures. 1In the case of
higher homologs, the minor movement of atoms necessary to interconvart la=
1b becomes possible at modest tempertures, and the spectra cnalasce into
well definad teiplets of criplets. 1t is {mportant to note, however,
that these txt's are not balieved to be a result of twd palrs of
statically equivalent hydrogen atoms, but rather due to the rapid clae
averaging of H‘ wicth ﬂé and nz with "3’ by 4 process
{nterconverting la to 1b and lc to ld in Scheme IlI.

At 4¥) X, the txt due to E-cyclopentadecane~!,2-semidione shows
selective line broadening, possibly due to the onset of a process
involving the rotation of the semidione miety through the cavity of the

carbocycle [62). However,
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thie process, which intsrconverts le(b) = lc(d) in Scheme I1I, end one
which is predicted to result in e binomial pentet when occurring at a
rapid rate on the ESR time scale, cennot unequivocally be claimed to be
occurring in E-cyclopentedecene~l,2-semidione, since decomposition of the
radicel ions and loss of eignal intensity were found to precede

coslescence of the lines in the ESR spectrunm.

Scheme 111.°
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II. SEMIDIONES DERIVED FROM 1=-HYDROXY=2-KETOCYCLOTETRACOSAME

A. TIntroduction

Earlier investigations addressed the lssue of conformational
prefarence, and modility of the hydrocarbon loop in the proximity of the
spin label for large (cu-cxs) carbocycles. Thase studies
revealed two distinct configurations, the more stadle and preferred E
isomer, and cthe Z-semidione, detected only as a nixture with che E
radical, in the presence of excess quantities of K*. Conclusions on
the conformational mobility of large ring semidiones in the 2
configuration could not be drawn with confidence, eince the admixcure of
species, poor resolution, coupled with unfavorable signal to noise ratios,
made analysis of the ESR spectra difficult.

The preferred low temperature conformations in large cing
E-senidiones were poorly undecrstood at the inception of the present
study. The difficultles arose primacrily when cooling tha radlcal
containing solutions, whereupon a dramatic loss of resolucion and 2SR
signal intensity often ensued. Additinnally, an important question
cegarding a specific moction of the semidione spin label with respact Zo
the hydrocarbon ring (here termed: internal catation) remained unanswered
due to the lack of coalescence in the high temperature g—cu
spectrum,

The present finvestigaction was thus undertaken with the explicic
purpose of acquiring ht’ghet quality ESR spectra of large carbocyclic
Z-semidiones, of deriving a better understanding of che preferred

conformation in E-semidiones at low temperatures, and most
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importantly, of clearly determining the feasibilicy of internal rcotattun

in the cyclic B-semidiones.

1=Hydroxy=2=-ketocyclotetracosane 24, precursor to cyclotecca-
cooan«-i.z-scuidione vas prepared with the expectacion the extended
perimeter of the twenty=four-membered ring would facilitate internal
rotation in the cyclic E-semidione, in addition to serving as a-

possible access to large carbocyclic Z-semidiones.

(c:—t‘:ao
L L on

_

24

B. Rasults and Discussion

Reaction of freshly prepared, unpurified q~hydroxy ketone 24
vwith potassium tert-butoxide/[2.2.2)=cryptand (1:1) in anhydrous,
deaerated DMSO resulted in an excellent ESR spectrum at 298 K (al“ =
4.2 G, [4 W's], 8, = 0.1 G, [4 H's), g = 2.005046, Pigure 26).
Upon warming, the lines in the spectrum approached binomial intensicies
of 1:4:6:4:1, (Pigure 25a~c), while che cuoling of DMSO/DMF solutions
resulted i{n further broadening of the second and fourth peaks, until ac
248 X, the spectrum consisted of a 1:4:l criplet of sharp wing and
central peaks. Loss of signal intensity and resolution resulted upon
further cooling, howeve}. at 218 K, che spectrum appeared consistent with
a3 species showing hyperfine coupling to four different hydrogen atons
(a* =8.56 {1 1], a" =6.66G [1H], a" = 1.96G [I'H], &' < 0.05G [1 H],



Figure 24. First Derivative ESR-spectrum of E-cyclotetracosane-1,2-semidione at 298K
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Figure 25. First derivative ESR spectrum of E-cyclotetracoeane=

1,2=-semidione at
(a) 318 K
(b) 338 K
(c) 358 K
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Figure 26. First derivative ESR spectra of E-cyclotetracosane~},2-
semidione at

(a) 288 K
(b) 248 K
(e) 208 X
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Figure 26c).

Assiganent of the redical spacies observed betwaeen 218 and 378 K 1is
made to the cyclic E-semidione on the basis of ESR paramaters such as
splitting pactern, g value and prior experience with E/Z ratios of
large carbocyclas observed in che presence of complexing agenta. The low
temperature (218 X) spectrum of the cyclic cza E-semidione {s thus
consistent with frozen, asymuetric conformations of type la=1d previously
described i{n Scheme TII, At 248 K, the spectrum displays selective line
broadening due to an intermediate vate of the process tn:creon&crcns the
superinposable structures la(c) = 1b(d) which time averages the
x-hydrogens lll wich ll“ and “2 with "3' Upon warming the solutions
further, the second and fourth peaks appear and gain intensity,
and at 378 K, the spectrum closely exhibits binomial intensicies of
1343634211, Of important consequence, (s the observation that che
transition Erom a teaperature at which the conformational equilibriun
la(b) = tc(d) is intermediate, to 4 taaperaturs at <hich this
interconversion is rapid on the ESR time scale does not involve the
interaailiacy of A well dafined teiplet of triplets splitting, as is the
case for the previously studied C,, E-seaidione.

The absence of a txt spectrum, and the direct passage from the low
temperature l:4:l splitting to a near binomial pentet at 378 K has the
unfortunate effect of erradicating any clear distinction between the
process interconverting la(c) = 1b(d), and one involving tnternal
rotation of the senldione notety (the interconversion la(b) = le(d)).
The ambiguity arises due to the fact that the observed pentet need not

necegsarily arise solely from the process of internal votation, since a



107

1:4:6:4;]1 penctec does not require four chemically equivalent (on a time
average) hydrogen atoms. The splitcing pattern at 378 K could
conceivably occur due to the process la(c) = 1b(d), since, when four
vagnetically nonequivalent hydrogen atoms are time averaged to yield two
pairs of equivalent hydrogens, (Hl and H,, “2 and “3)’ s binomial
pentet may fortuitously result if aIH * éau = azﬂ * 13". Inspection

of the low temperature splitting constants (6.6 G [1 H], 1.9 G [1 H],
8.5 [1 H]), and the equation (8.5 + 0.0 = 6,6 + 1.9) reveal that

this possibilicty cannot be dismissed in the case of E-cyclotetracosane~

1,2-semidione.

C. Effects of Ion Pairing on E/Z Ratios

The 64-09 cyclic semidiones vere found to exist as the 2
isomers with ion pairing constants (K*. 298 K, DMSO) increasing from
18(C,) to 87(C,) to 220 (C,), 190 (C,) and 260(Cg) H™'. For cthe
cu-cls carbocycles in the presence of K*. (2.2.2)=cryptand,
the B isomer was found to predominate, whereas in the presence of K*.
the Z isomer vas preferred in some instances (62). Complete time
averaging of the q~hydrogens to give a binomial pentet in the
Z-senidiones was found to occur only upon heating, while cooling
generally vesulted in a reversible loss of signal intensity from che Z
isomer.

Addicion of KI to folusions showing hyperfine coupling due to the
E~cyclotetracosane~l,2-semidione resulted in the appearance of a

second species (of lower g and larger a® values) which did not time



Figure 27, First derivative ESR spectra of E/Z mixtures of cyclo-

tetracosane~l,2-senidione az 338 K
(a) Solution 0.4 M in K1
(b) Solution 0.6 ¥ in KI
(e¢) Solution 0.8 M in K1

The Z isomer is marked with vertical lines
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average with the initial cadical present. The relative abundance of each
species appeared to be strongly dependent upon the concentracion of
potassiun fons {n the nadium, with the new gpechs being prefarred at

nigh (K*], (Plgure 27a=c, a," = 5.2 ¢ [4 H's), ot «
2

1
0.08 G [4 H's], g = 2.00485, DMSO). These observations and prior
experience [63) with spliccting patterns of isomeric semidiones
collcc:t\ycly support the assignment of the new speclies to
Z-cyclotetracosane~l,2-semidione.

At 338 K, the spectrum due to a nixture of E- and Z-semidiones
reveals both species to be undergning selective line broadening. The
origins of this effect in the E isomer have been discussed in the
previous section. 1In the case of the Z-semidione, the observation
that complete time averaging of the aq-hydrogen atons to ylald a hinonial
pentet aaly nccurs at ~ 368 K is remarkable, although in keeping with the
behavior of the previously studied cu"cns Z-carbocycles.

Conformational motion at low temperatures in the Z-semidione
could not be studied, since cooling of DMSO/DMF solutions containing
mixtures of the E- and Z-semidiones invariably resulted in a
dramat ic, reversible 1os§ of signal intensity from the Z isomer, an
occurrence that has been attributed to disproportionation of the semidione
to the dione an.. the enediol dianion.

In summary, the B/Z ratio of cyclotetracosane-l,2-semidione
changes from an escm:fd ong hundred for the free ion, to approximately
one for a solucton 0.4 ¥ in K* at 298 K. Conformational motion in
the Z2-semidione mimicks that in the 2-C,, carbocycle, since

warming cauges the pentet due to the Z {somer to attain binomial
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intensicies, while cooling below 298 K results in reversible loss of the

ESR signal due to disproportionation of the radical ions.

D. Conclusion

Cyclotetracosane=~1,2-semidione exists primarily as che B isomer in
the presence of K"l!.!.!]—crypnnd. with an E/Z ratio of
approximately 100 at 298 K. Addition of KI results in the appearance of .
the Z isomer which can be detected as a 1:1 aixture with the
E~semidione at a potassiua ion concentration of approximately 0.4 M.

Conformational motion time averaging the g~hydrogens in the large
cyclic Z-semidione, occurs less readily than in some of the lover
homologs studied, an observation that has been ascribed to the offsetting
of a more favorable Aﬂﬁ term by an exalted negative entropy of
activattion in the extreme "floppy" carbocycle. Conformational preference
and mobility in the Z-semidione at low temperature renains uncertain
due to loss of the ESR signal upon cooling.

The low temperature spectra recorded for _.l_wcyclo:c;tacocawl.z-
senidione further substantiate the claim of frozen, ssymmetric
conformat ions tﬁ large carbocyclic E-semidiones. The observad
conformational preference may be a consequence nf enhanced asalvation of
the asymetric structure.

At elevated temperatures, coalescence of the lines due to the E
isomer to give a binomial pentet has been shown poseéible for
conformational equilibria involving minor movement of the x-hydrogen

atoms. The high temperature ESR spectrum of E-cyclotetracosane~
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1,2-samidione thus falls to provide unequiveacal evidence for internal

rotation in the cyclic 1,2-semidione.
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III. SEMIDIONES DERIVED FROM ACYLOINS OF P-CYCLOPHANES

{1,4=(n’ -HYDROXY=(n'+1)-KETOPOLYMETHYLENE) BENZENES]

A. Introduction
The high tempereture ESR spectrum of E-cyclotectracosene=-1,2-
senidione was found not to provide an unambiguous example of internel
rotation in cyclic 1,2-gemidiones. The study was thus continued, and
extended to include semidiones derived from tha more readily ecceseible

acyloins 25 (a=d).

gmo
C—0OH
(cw) —J
23
as n=4 cs n39

bs n=7 ds n=ll

The choice of hydrocarbon skeleton in compounds 25 (a-d) was
made prinarily on the basis of the expected ease of synchasis of the
paracyclophanes as conpfted to polymethylene macrocycles such as 24,
The presence of a 1,4~benzene linkage in the ring was not expected to
dramatically alter conformational mobility of the corresponding

E~semidiones, and it was hoped that suitable choice of chain lengch in
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a macrocyclic semidione would result in a radtcal in which the occurence
of a fortuitous pentet would be replaced by a splitting pattera unique ¢>

a process involving internal rotation.

B. Results snd Discussion

Oisproportionation of crude g=hydroxy ketone 234 in potassiun
tert~butoxide/ [2.2.2])=cryptand (1:1) in dry, oxygen free DMSD resulted
in the ESR spectrum of Pigure 28a (nl“ = 4,25G [4 H's],

a," = 0.12 G [4 H's], g = 2.005045), At 298 K, the spectrum due

to E-senidione displayed salective line broadening, however upon
warming, the second and fourth peaks gained intensity and coalesced to
give a binomial pentet at 348 K, (Figure 28 b,c). Cooling of DMSO/OMF
solut lons below 298 K resulted in further broadening of the second and
fourth peaks, until at 238 K, the spectrum consisted of a 13431 criplet
of sharp central and wing peaks. Continued cooling was accompanied by
loss of vesolution and signal intensity, however at 208 K, the observad
signal was consistent with hyperfine coupling to four different hydrogen
atoms, siailar to that observed for the low tempecature 24-memberad
E-seatdione (o = 7.9 G [1 1), o' = 5.9G [1 H), a" = 1.9

G [l H), at ¢ 0.05 G [1 "], Figure 29 a=c).

Addition of KI to solutions showing hyperfine coupling primarily due
to the E tsomer, resulted in the appearance of a second species,
presumably the Z-semidione, Figure 30a (a‘u = 5.2 G [4 Ws],

31“ =0.,086G [401') g = 2,00485, At 298 K, the spectrua showed
selective line broadening, .tndicat:ing incomplete equilibracion of che

four q-~hydrogen atoms in the Z-semidione. Warming to 358 K caused the



Figure 28. First derivative ESR spectra of the E-semidione
derived from 23d at
(a) 298 K

(b) 328 X
(c) 38 K
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Figure 29, First derivative ESR spectra of the L~semidione derived
from 254 at '
(a) 258 Kk
(b) 238 K
(c) 208K
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Figure 30. First derivative ESR spectra of the E~ and Z-senidiones
derived from 234 et
(a) 298 K
(b) 358 K
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lines to approach binomial intensities ot 1:4:6:4:1, while cooling below
298 K uas found to result in the reversible loss of signal due to the 2
isomer.

It is chus apparent that conformational motion in the E- and
2-senidiones derived from 23d closely resembles that in the E-
and Z-cyclotetracosane=1,2-semidiones. Complete time averaging of the
x=hydrogen atoms in the Z isomer could only be accomplished upon heating,
in keeping with the previously established hehavior of macrocyclic
Z=semidiones. OFf greater significance, however, is the observation
that cha FSR spactra recorded between 208 and 348 ¥ for the
E~semidione derived from 23d fall to provide unequivocal evidence
for internal-rotation in the macrocycle, due to, tn much the sane
fashion, the ambiguity chat arose in the case of
E~cyclotetracosane~1,2-semidione. Inspection of the hyperfine
coupling constants for the frozen, asymmetric structures reveals chat a
fortuitous pentet may result at high temperatures via simple rocking
mation of the q~methylene groups in the E~semidione (the motion
- described by the interconversion la = 1b in Scheme III), since the
largest and smallest coupling constants, may in principle, average to
give a number close to the value of the intermediate conupling constants,
time averaged (7.9 + 0.0 # 1,9 + 5.9). Further elucidacion of cha
properties of this radical was thus not pursued, and the search or

fnternal votation was continued with the semidione derived from 25¢.
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Treatment of pure g~hydroxy ketone 23c with potassium tert-
butoxide/[2.2.2)~cryptand (1:1) in enhydrous, dagassed DMSO gave rise to
the well rasolved spectrum for the E-semidione (aﬂ = 4,19 (4 W'e],

.ll = 0,26 [4 H's), g = 2,00506], Figure 3la). Upon warming to 378

K, the linas in the spectrum were found to approach binomial intensities
(rigure 31 b,c), while cooling resulted in further broadening of the
second and fourth peaks (Figure 32a), until at 233 K, these lines were
essentially unobservable to yield a 1:4:1 triplet of sharp central and
wing peaks (Figure 32b). Continued cooling resulted in a spectrun
consistent with the frozen, asymeetric conformation previously described
for macrocyclic E-semidiones (au «-7,756 [1 H}, au = 5,7 G[1 H]},

a® = 1.8 G (1 1), a" < 0.05G (1 ), Figure 320),

Addicion of KI to solutions showing hyperfine primarily from the
E-semidione, resulted in the appearance of the Z isomer in a more

favorable ratio (at 0.4 M in KI, the E/Z was found to be
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Flgure N, Flrsce derivacive ESR spect ra of the E-semldiane derived
from 25¢ a1
(a) 298
(b) 348 g
() 328 p
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Figure 32. First derivative ESR spectra of the E-semidione derived

from 25¢c ot
(a) 253 KX

(b) 233K
(¢) 173K
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epproximataly 1, 'l“ « 516G [4 H's}, aza = 0,1 G [4 H's])

g = 2.00485, Figure 33). As observed for the previously studied

macrocycles, complete coslsacence of the lines to give binomial

intensities could only be accomplished upon werming the solution.
Inspection of the low temperature hyperfine coupling constants for

the E-eemidions derived from 25¢ once agsin reveals the possible

occurrence of a pantet due to & process other than one invoiving internal

rotitton, since the sum of intermediste coupling constents spprosches
that of the largest and smallest splicting (7.8 + 0 & 5.7 + 1.8).

Thua, the ESR spectra recorded for the E-semidiones derived from 24,

25d and 23c failed to provide unequivocal evidence for internal

rotation in the mecrocycles. It was subsequently asuggested [66] chat
posaible cause for the sbasence of s triplet of triplets spectruam in the
sald mecrocycles may have had its origins in the near equivalence of cthe
energy barriers for the processes involving rocking motion of the x-methy~
lene group and internal rotation of the semidione moiety (processes

1a = 1b and la = lc, respectively, Scheme 111). In such instances, the
transition from the frozen, asymetric conformations recorded ac low
temperatures, to temperatures at which equilibration of the yx-hydrogen
atoms to itvc two sets of time sveraged nuclei is expected, would be
obscured by the inte;vencion of internal rotation due to the relative
facility of this motion in the macrocycle. Constriction of the
macrocycle would predlc’z a lifeing of the degenerate energy barriers,
since internal rotation is expected to be considerably less facile in
smaller carbocycles. Thus, the a~hydroxy ketone 25b was synthesized

and the properties of the corresponding E-semidione examined,



Figure 33,

2.9 Gauss
| N el

First derivative ESR epectrum of E~ and Z-semidinnes
derived from 25c at 333 K,

Lzl
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(C“x),-—j
gm0
C—OH
(cm),
2%

Reaction of freshly prepared, unpurified aq~hydroxy ketone 250
with potassium tert-butoxide/[2.2.2])~cryptand (1:1) in anhydrous,
deaerated DMSO resulted in the spectrum for the E-semidone, Figure
d4a. Warming caused the lines in the spectrum to merge into a 1314l
triplet of sharp wing and central peaks, Figure 34b., Purther hesating
resulted in the appearance of the second and fourth peaks, and at 378 K,
the spectrum was found to approach the binomial intensities in a pentet
(aa = 3,9 G [4 H's], Figure 34c).

Cooling to 263 K of solutions containing the E~semidione led to
the predicted splicting pattern, a well-defined triplet of triplets
(s," = 6.10 G (2 W'sl, a," = 1.7 G, (2 W’s], Pigure 3%a).

Further cooling to 223 K resulted in a spectrum showing hyperfine
coupling to four different hydrogen atoms (an = 7,6 G [l H], at =
6.3 G [1 1], a% = 1.3 G [1 1], a® < 0.05G [} ], Figure 35b).

Addition of KI to solutions containing the E-semidione resulted



Figure 34, Firsc derivative ESR spectrum of the L-semidione derived

from 25b at
(a) 298 k
(b) 348Kk
(¢) 378 Kk






Figure 35. First derivetive ESR spectrum of the E-senidione derived

from 25b at
(s) 263 Kk
(b) 223k
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Figure Jb.
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First derivative ESR spectrum of E- and Z-semidiones
derived from 25h at 193 K
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in the appearance of the Z~isomer. At 393 K, the spectrum was found
to exhibit a binomial pentet (an = 35,0 G (4 H's] Figure 136),
indicacing complata equilibration of the ga-hydrogen atoms in the
Z-semidione.

Conformational motion in the E-semidiona darivad from 23b may
thus be summarizad as follows. At 233 K, the spectrum shows hyperfine
coupling from four different hydrogen atoms, due to non-equilibrating,
asymmetric structures of the type previously discussed (structures la-1d
in Scheme 111). Upon warming to 268 K, the interconversion la(c) = 1b(d)
which time averages H, with the H, and H, with Hy (a process chat has
been previously described ss "rocking motion") becomes rapid on the ESR
time scale, leading to a well defined triplet of triplets. Further
varming results in selective line broadening, due to the onset of
internal rotation, a process which equilibraces “l with az and
Hy wich B, {the interconversion la(b) > c(d)}. At 378 K,
internal rotation in the E~semidione is occurring at a rate
intermediate~rapid on the ESR time scale, as observed by the approach of

l!ﬂd&*3

a binomial pentet. The values of ah’ = 10 keal mol”
* 1.0 e ,u were estimated for this process from selective line
broadening observed between 355 and 385 K. The E~semidione derived
from 25b thus serves as the first clear case wherein internal
rotation may be unambiguously invoked in cyclic E-l,2-gemidiones.

While the primary goal of this investigation was achieved with the
assignment of internal ’ro:auou in the E~semidione derived from
25b, it was deemed desirable, in the interests of completeness to

undertake the study of conformational motion in a more rigid cyclic
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sanidione, ona decivad fron a madiun glzed cachaaycla HE v Lym

23a.

¢=o
C—OH
() —

23a

Disproportionation. of. freshly prepared, crude a-hydroxy ketone 2%

with potassium tert-butoxide/[2.2.2]-cryptand (1:11) in degassed DMSO

resulted (n a poorly resolved spectrum of broad lines which remained
assentially unchanged upon warming to 353 K. Analysis of the spectrum
raveals 3 doublet of doublet of triplet splitting (aﬂ = 6,5G [} ],
a“ = 1,76 [l H), a“ = 4,8 G (2 H's]), consistent with hyperfine
coupling In a rigid E-semidione.

Generation of the radical fong with 0.1 ¥ potaséiun tert-butoxide
or addition of KI to K’I[Z.Z.Z]-cryptand solutions resulted in the
appearance of the Z-semidione, and at approxtmately' 0.8 M in K*.
the Z tsomer could be observed exclusively (Z/E > 10 in DMS0). At
298 X, the spectrum due to the Z-semidione was found to be a 1:4:l
triplet of sharp wing and central peaks due to selective line broadening

from an {ntermediate race of a process equilibraciag the y-hydrogen atoas
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Figure 37, Pirse derivative ESR g

pectrum assigned to the E-senidione
corresponding to 251 ar 298 K
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(Figure 38a). Cooling to 253 K le«t to the appearance of a well-defined

triplet of triplets spectrun expected for a Z-semidione at low
temperatures (aln = 5.56 [2 W's], azﬂ = 1,356 (2 H's]
Figure 38b), whila heating above 298 K resulted in che approach of
binonial intensities in a pentet, indlcating near complete equilibration
of the g-hydrngen atoms. Conformation motion in the E~ and
Z-semidiones derived from 23 thus closely nimicks that (n thw
cll and clz polymethylene carbocycles previously studied.

The effects of gentnal substitution at the carbon atons 3 to the
senldione nolety on conformacion wotion in cyclic semidiones were briefly

1nvcs:igaecd via the radical {ons derived from 23e¢.

Reaction of 2% with potassiuq tert~butoxide in deaeraced D30

gave rise to a spectrum showing hyperfine coupling from two sets of two
equivalent hydrogen atoms (a“ = 6,25 6 [2 H's], aH = 13,75 6
[2 H*'s] g = 2.00488, Figure 39). 'The triplet of triplets splitting in



Figure 38. First derivative ESR spectra of the Z-semidione
derived from 23s
(a) 298 X
(b) 263 K
(c) 363K
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Figure 39,

First derivetive
from 25 at 298 K
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ESR spectrum of the Z-senidione
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Figure 39 remained essentially unchanged between 253 and 373 K, sad upon

addicion of excess quanticies of Kl or [2.2.2)-cryptand. These
observations, coupled with the form otAeho spectrum, collectively
indicate a semidione with the Z configuration. The lack of
conformational notion tine averaging the g-methylene groups is tn kaeping
Jith the seclous steric interactions that such a motion would provoke. .
Absence of the E-isomer may also he ascribad to severe non-bonded
tnteractions in the semidione.  Examination of molecular models

substantiates this premise.

C. Conclusion

Conformat lonal motion in cyclic E- and Z-1,2-semnidiones
derived from acyloins 23a=~d has been investigated by ESR
spectrascopy. Variable temperature spectra obtained for the
E-semidione upon disproportionation of 23a revealed an axtremely
cigid, asymateic conformation, similar to that observed in che
madiun-sized cll and clz polymethylene carbocyles previously
studied.

The E-semidione derived from 25b was found to be considerably
wore flexible, since 2quilibration due to rocking motion (resulting in a
sall=defined trelplat of triplets) was found to occur at subaablent
temperatures. Upon Further heating, the ESR spectra were consistent with
the anset of internal rotation in the cyclic Z-semidione. At 378 K,
this pracess (which time averages all four a~hydrozens) was found to be
intermediate-rapid on the ESR time scale, resulting in a near binomial

pentet.,
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At low temperatures, the E-semidiones correspounding to the
macrocyclas 25¢ and 25d gave cise to spectra due to frozen,
asymnetric structures of the type la-ld. Warming resulted in selective
line bdroadening to give a 1:4:1 triplet, which conlusced into a bincmial
penctet at high temperatuce. The absence of a well-defined tciplet of
triplets splitting in these variadle temperature spectra has been
attrihuted to the near equivalence of the energy harrlery for rocking
motion and {internal rotation in the semidiones.

Conformational motfon equilibrating the g-hydrogen atons in the
Z~senidiones derivad from 23h~d was found to occur less readily
than (n some of the lover homologs studied. The low temperature
conformations of these species could not be studied, due to loss of ESR
signal intensity upon cooling, an occurrence that has been ascribed to

disproportionation of the radical lons.
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IV, CONCLUSION TO PART II

The principal objactives of this investigation included those of
acquiring high quality FSR spectra of macrocyclic Z-semidiones, of
galnlag a batter understanding of cthe preferred low temperature
coaformacion b cyclic E-semidiones, and nost (npoctantly, of clearly
rlo:'omtnmg the feasibilicy of fateraal cotaclion tn cyclic
S~samidlones. Thada objactives have been nat.

ESR spectra of macrocyclic Z-semidiones derived from 24 and
25b=d further substantiate previous observations that the rate of
conformational notion equilibrating the a-hydrogens need not be
cosaensurate with riang size. An increase in the ring size results ln a

lower Allﬁ

» but also has the consequence of introducing configur-
ational pathways of low probability involving rotations aaong tha single
bonds in the cing in a rigid time sequence.

FSR spectra recorded at low temperacure for E-semidiones Jerived
from 24 and 25b~d are consistent with conformations of the cype
la=ld. This conformational prefaerence has been attrihuted to enhancad
solvation in the asymmetric structure.

At modest temperatures, the ESR spectra of E-semidiones
correspyviing to 24 and 25b~d display selective line broadening
due to a process invelving rotation of the senidione molety chrough the
cavity of the carbocycle. 1In the case of the E-semidion2 Jderived from
25d, complete equiubragmn of the x~hydrogen atoms indicates cthat

Internal rotattion in the macrocycle is rapid on the ESR time scale at

378 K.



144

PART 111, MOLECULAR REARRANGEMENTS IN 1,4~ AND l.Z-SﬁIDIONES



145
I. INTRODUCTION TO VALENCE ISOMERIZATION STUDIES OF SOME BICYCLIC
AND TRICYCLIC SEMIDIONES

Velence isomerizations involve moleculer rearrangements which occur
vithout migrstion of atoms or groups of etoms (67]. In instences vhare
this process is dynemic, the term velence tautomerism is often employed
(68]. The phenomenon continues to be of considerable interest, and has
been reviewad (69,70].

The first example of velence isomerizacion in an eliphatic

semidione wes encountered fortuitously in an investigstion of the long

renge hyperfine splicting in bicyclo[ 3.1.0]hexane~2,3-semidione, [71]
Scheme 1V,

Scheme 1V R
5 4
-~ Base [+ P— RQ—Q-
an— H

_af‘ (Gauss)
Cc~1 = 4,6

\J
C-fom = 14.3
- w BH
c ée ndo 7.4 SO (o 29
-5 = 1.1 . -y 0—
6'6 = 105 R “
antl 3“ (Gauss)
C-ésm =< 0,1 C-1 = 4.3 C-5 = 0.40
(cHy Cbogo = 1446 Cbgyn = 0.90
c-(‘endo = 7.6 c-éanci = 0.40

The rearrangement in Scheme IV was fouﬁd to be strongly dependent upon
the concentration and strength of the base, in addition to requiring a

steric driving force at 298 K, since the isomerization was not observed
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when R=D, and occurred more rapidly when R-czﬂs than when
R-cns. In the case of a-cns. the rearrangement proceeded to
completion, driven presumably by the thermodynamic preference for the
anti methyl group at C-6. These observations prompted further
investigations into similar bicyclic-monocyclic equilibria in systems
analogous to the classical cycloheptatriene-norcaradiene and
cyclooctatetraene~bicyclo(4.2.0}octatriene systems.

The generation of 2,5-semidiones in the bicyclo(4.2.0]octane system
vas accomplished via base~catalyzed oxidation of two isomeric, saturated
diones (72]). Reaction of both isomers led to the same semidione,

possibly due to valence isomerization at the dianion stage (Scheme V).

Schene V
H H CH, CH,
Base
- A (R
(o
| 1. |
" - CH, CH,
H CHy =— Ch
o- M _d o~

Molecular rearrangement in 1,2-gemidiones derived from (CB)6
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hydrocarbons was investigated via the reduction of the bdenzvalene

derivative [72]) in Scheme VI,

Scheme VI
CH,
c e $ o-
&

Electrolytic reduction of the stable dione at 235 K gave a broad,
unresolved singlet, possibly due to the unrearranged 1,2-semidione. This
radical fon was found to be quite unstable, and disappeared immediately
upon cessation of electrolysis. At 298 K, electrolysis of the dione
produced only the o-benzosemiquinone. Thus, valence isomerization in
this system occurs readily at ambient temperatures.

Treatment of the gttcyclic diketones in Scheme VII with mild
reducing agents such as propiophenone enolate resulted in paramagnetic
species with extensive hyperfine structure [73,74]). The splictting

pattern in these species is consistent with the ring opened bicyclic
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semiquinone wherein the unpaired electron has been extensively

delocalized into the entire pi framework.
! ine

(0.78) H M €0.25)

H (2.85)
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II. DERIVATIVES OF BICYCLO[4.1.0 HEPTANESEMIDIONE

A. Introduction
The possibility of moleculer rearrengsment in peramagnetic snelogues
of the cycloheptatrieng-norceradiene equilidrium has been investigeted
via the reduction of bicyclol4.1.0}heptane=2, ~dione derivetivas.
Reaction of sucervone 26, with baee, followed by s trace of oxysen,
end treatment of 27 with potassium tert-butoxide in DMSO resulted

in the ssme semidione, having the possidle structure 28 or 29
(7sl.

o-
C
CH,
CH,
0-
28 c
H, CH,
c Base Base
cH
cH, 2
26 = CH, 27
c CH,
0O

29
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Analogously, reaction of 30 and 31 with base followed by a trace

of oxygen resulted in a semidione that could have the structure 32 or 33.

3

99

3 o
Magnetic nonequivalence of the methylene hydrogens in 32 or 33 or
of the gem~dimethyl groups in 28 or 29 is more consistent with
the structure 29 and 33, Further evidence for the bicyclic

structure vas furnished upon reduction of dione 34, since the
H

2
3cu *u be roughly equivalent becauae hyperconjugation of the
3

monocyclic structure requires the value of ey and

methylene and starred methyl hydrogens 1; expected to be near equal. The

large difference in 3., B and 3cy in thus demands the bicyclic struccure
2

3
[73].

CH,
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o- By 1495, 0.87
HC CH, lﬂ
or
34 — CH, H:c ‘c"3 'S.ZO. 5.2
CH, ~
. CH acx;'-o.zs, 0.2

Reaction with potessium tert-butoxide in DMSO of eyn— or enti=7=-methyl
derivatives of bicyclo(4.1.0)hapta=2, S~dionea (37 or 38,

respectively) resulted in the same mixture of ~5% of 37 ° and ~

95% of 38 °. The resulte ere indicative of interconversion at

the radical ion, dianion or enoclate dianion stegs. Uvidence for
ionization of the bridgehead protons to give enolate enions vas provided

by the observetion thet in baeic DHSO-d,, 37 gave the senidione » ' [7s].

H
Base
H CH,
K7}
CH, - -
Base | kY 38 .
~ 5% ~ A%
38
" W, . DMSO~d, CH,
H Base :

39"‘
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Electrolytic reduction of the anti-~7-methyl diona 38 led to a strong

ESR signal due exclusively to the anti-semidione 38 °. Upon

cessation of elesctrolysis, the strength of ths ESR eignal decreased to
reveal additional hyperfine due to spproximatsly 4X of the syn-semidions.
Electrolysis for a brief period of the eyn~dione 37 resulted in the
spectrum dus only to the semidione 37 ° However, the £inal

spectrum upon extensive electrolysis of 37 wea cleerly that of the
snti-semidions 38 °, with a few percent of the syn isomer. These
observations are consistent with velence iscserization involving the
equilibrium 37 ° = 39 ° 2 38 °, together with repid electron transfer
between the diones and semidiones, slthough it is also possible thet the
syn-anti interconversion involves the dianion species 37" =

39" = 38" (74).

H H
- .
. _
37 \s
CH,
P
H, H\_cw, =~
’ e-
—
0 0
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The presant study was initiated with the purpose of further

investigating the possibility of valence isomerization in 7=-substicuced
bicyclo[4.1.0}hepta=2, S-semidiones. It was hoped that the radical ions
derived from 40-43 (76,77) would extend upon the array of known

paranagnetic analogues to the norcaradiene-~cycloheptatriene equilibrium.

(:j?': . g}/ﬁf

Hy_cogH, NCy CH,

43 2

B. Results and Discussion
Electrolytic reduction of syn=7-cyanobicyclo(4.1.0]}hept=3~
ene-2,3~dione 40, in cnapu solution at a Hg pool with TBAP as
supporting electrolyte resulted in the well vesolved ESR spectrum of
Figure 40 (a = 5.1 G [2 R's), a"@ = 2.45G [2 B's], a" = 1.4
G [1 H]. Assignment of hyperfine coupling constants in the unrearranged
syn semidione could be nade‘wtzhouz difficulty in view of the established

splitting constants in the unsubstituted system.



Figure 40, First derivative ESR spectrum of syn-?-cylnoblcyclolk 1.0}
hept=3-ene-2, 5~dione radical anios, 40 °
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Prolonged reduction st higher potentisls led to no significent change
in che ESR spectrum, except for diminishing signal intensity, due possibly
to depletion of the starting quinone. Cessetion of electrolysis and
introduction of'oxygnn followed by continued rsduction, once again
resulted only in cthe spectrun for the syn semidione. No eignal could be
observed in the absence of continued electrolysis.

Reaction of dione 40 with potassium tert-butoxide in DMSO
resulted in a poorly resolved signal due to the syn isomer. The spectrum
ramained unchanged over the period of thirty minutes that the siznal
could be observed. At no time during the chemical or electrolytic
reduction of 40 was there any evidence for a long lived paramagnetic
species other than the bicyclic syn semidione 40 °.

Electrolytic reduction of anti-7-cyanobicyclo(4.1.0)hept=3-ene~
2,5-dione 41, in DHF solution at a Pt electrode with TBAP as
supporting electrolyte gave rise to an excellent ESR spectrum (a“ =
4.6 G [2 W's), a® = 2.4 G [2 W's], a" = 0.65G [1 H], a" =
0.2 G [1 N], Pigure 41). Hyperfine splicting constants in this species
were found to be consistent with the unrearranged anti semidione,

a1°°,



Figure 41, TFirsc derivative ESR spectrum of anti-7-cyanobicyclo
(4.1.0)hept=3~ane-2, 5~dione radical enion, 41 °
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The signel due to 41"° remained unchanged upon prolonged

reduction, but diseppeared icmedistely upon cessstion of electrolysis.
Recharging the solution produced the previously observed spectrum for the
snti isomer. Chemicsl reduction of 41 with potassium tert-
butoxide in DMSO resulted in a vweak and fleeting signal which could
not be recorded in its entirety. The behavior of dione 41 upon
reduction is thus in keeping with the properties of the syn semidione
40.', which shoved no perceptible propensity for resrrsngement.

The long range nitrogen hyperfine coupling observed in 41"
is remarkable since the singly occupied molecular orbitals in semidiones
derived from bicyclo{4.1.0}hept-3-ene-2,5-diones are anti symmetric with
respect to the plane bisecting the cyclopropyl ring. The opposite signs
of the coefficients at C-2 and C-5 in ¥, prevents a
honohyperconjugstive interaction delocalizing unpaired spin into the
cyclopropyl methylene position, because such an interaction takes the
forn a' = olc, + cs)z. The observation of nitrogen
hyperfine from the 7-position in 41 ° thus requires a spin
polarization mechanism ’:o tp:roduce unpaired spin from the pi system into
the sigma framework. This mechanism allows transmittal of spin densicy

to the 7-position, as the interaction assumes the form au - Q(czz * csz).
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Electrolytic reduction of eyn-7-cyancmethylbicyclo(4.1.0]hepe=3-
ene~2, 5-dione 42 at a Hg pool in DMSO solution with TBAP as
supporting electrolyte resulted in the ESR spsctrum of Figure 42 (aﬂ
=5.1G [2U's], a = 2.6 G [2 H's], o' = 0.85 G [3H'sD.

NCy_CH, 0.85 G

3.1 G
H H
o

2.6 G

427
The signal due to the unrearranged semidione underwent loss of resolution
upon extensive reduction, but the spectrun showed no evidence for the
appearance of a second species. A weak and unresolved signal persisted
for several minutes after cessation of electrolysis.

Blectrolytic reduction of anti~7~carbomethoxybicyclo(4.1.0]hept~
3-ene~2,5~dione, 43 at a Pt electrode in DHF solution with TBAP as
supporting electrolyte gave rise to the ESR spectrum of Figure 43 (au
« 5.25G [2 H's], a = 2.4 G [2 H's], @@ = 0.75 G [1 KD.



Figure 42. First derivative ESR spectrum of syn—-7-cyanomethylbicyclo
{4.1.0 Jhept=3~ene~2, S~dione radical anion, 42 °
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The signal due to the semidione 43 ° weakened upon prolonged

reduction, snd disappeared upon cessation of electrolysis. No evidence
for rearranged parsmagnetic products could be found.

Thua, in contrsst to the obeerved behavior of reduced syn- and
snti-methyl derivatives 37" and JGP', close exsmination
of ESR spectra reveal no detectadble isomerization upon chemical or
electrolytic reduction of diones 40-43.

Posaible cause for the absence of rearranged paramagnetic species
may be found in the reduced lifetime of the bicyclic semidione, once
formed. Rapid decay (to diamsgnetic products) of the radical anion would
preclude valence isomerization, or further reduction to the dianion stage
possibly requisite for rearrangement. An observation in support of this
hypothesis is that no stable paramagnetic species could be detected in
the absence of continuous reduction. Alternatively, rapid destruction to
non-radical products of the ring opened cycloheptatriene radical ifom or
dianion would prevent reclosure to the fsomeric species. A third
rationalization invokes unusual siabinty of the cyclopropyl moiety to
ring opening in the semidione or dianion. That the resistance to valence
isomerization is conferred‘upon by the presence of electronegative
substituents at the 7~-position is viewed as unlikely in light of che



Figure 43. TFirst derivative ESR spectrum of an:t-?—cubou:hoxybtcycla
{4.1.0)hept=3~ene-2, 5~dione radical anion, 4
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rapid equilibrium observed in the (bis)-trimethylsiloxy derivative 44a,
[76) end in view of the long estabished fact that an equilidrium favoring
the norcaradiene etructure requires the presence of two

electron-withdrawing substituents at the 7=-position [78-80).

P i, o Iy Rone, op,
i CHy —n ,
= O

R OR

OR
R= Si..‘!c3

44a 44d A4

C. Conclusion

ESR spectra of paramagnetic speacies produced upon reduction of
diones 40-43 have been recorded. Hyperfine coupling constants in
these radical anions are consistent with a bicyclic structure in a
norcaradiene/cycloheptatriene vatio of greater than ten. The ESR
spectrum of anti-7-cyano derivative 41 ° showed hyperfine
coupling of the unpaired electron to the “N nucleus. This
unexpected interaction has been ascribed to a spin polarization mechanism
of spin propagation from the pi system to the sigma framework.

Close examination of the ESR spectra revealed no rearrangement

products in the reduction of 40~-43. This observation is consistent

with rapid destruction of the radical ions, once formed.
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111. BULLVALENE SEMIDIONE

A. Introduction
Dynanic velence isomerism in the theoreticelly interesting
(cn)lo hydrocarbon, ericyelol3.3.2.02’aldcca-3,6,9-::1anc [81]
(commonly known ae 'bullvalena") has bean sstablishad by N.M.R.
spactroscopy end is well-documented (82,83)., That such fluxionel
behavior may bde preeent and detectable by ESR spectroscopy in
paramagnetic snaloguee prompted extensive efforts to generate the spin

label 45°

as*

Reaction of ketone 46 with potassium tert-butoxide in DHS0 in
the presence of limited quantities of molecular oxygen gave rise to an

ESR signal due possibly to the rearranged semidione 47°(72].

Base g e— -
t;:ace ‘ l

46
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Treatnent of the isomeric ketone 48 with basic DMSO in the presence

of trace amounta of oxygen resulted in the corresponding semidione

49" ° (72).

- Base =
o o- H
N trace N a =2,956[2H's],
% 0. 1.30 G [2 H's],
- 0.33G |2 H's
48 4 E ]

No evidence for interconversion between 47 ° and 49 °

could be found. However, further exposure of either 47 ° or
49 ° to molecular oxygen led to the same semiquinone

50". which upon continued contact with oxygen underwent further

oxidation to the stable dianion radical 51 °.

R 1 '
(T i}
@
or
. . o.
49~ - [ts

A mechanism consistent with all the experimental data, and one involving

molecular rearrangement of the free diones was thus proposed [72]:
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B. Results and Discussion

Attempts to generate bullvalene semidione from 46 or the

corresponding g~acetoxy ketone failed due to the predominance of
competing rearrangements [84]. Successful generation of 45 °

thus appeared contingent upon the availability of a specific precursor
requiring less stringent conditions for reduction. Access to such a
precursor, ::1cyclo[3.3.2.02'8]deca-6.9-diene—3,4.-dione
“Bullvalenedione" 45, a fluxional molecule on the MMR time scale

(with B, & 12 Kcal mol™}, Log A = 10.8 for the degenerate

Cope rearrangement calculated between 260-400 K) was made possible via a
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novel photochemical transformation of the fused homotropilidene 32

(85,

hv

52

Zlectrolytic reduction of bullvalenedione 52 at a Hg pool with
TBAP as supporting electrolyte in DMSO resulted in a well-resolved
spectrum ('l" = 0,63 G [2 H's], czn = 0.36 G [2 H's],
aaa = 0.08 G [1 H], and occasionslly an additional doublet
splitting 34“ = 0,05 G [1 H], Pigure 44). No signal could be
observed in the absence of electrolysis. Although the hyperfine coupling
constants in the spectrum of Figure 44 could not be assigned with
certainty, the multiplicity and magnitude of the splittings are strongly
indicative of the unrearranged bullvalene semidione structure
45 . Consideration of the hyperfine splitting constants reveals
the radical anion as & frozen, non-interconverting species at 298 K.
Efforts to promote and detect fluxional behavior in the semidione by

observation at elevated temperatures failed due to rapid decay of the ESR

& -
. sLoW
L _
¢

330 K

signal above 330 K.
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Figure 44, First derivative ESR spectrus of Bullvalene semidione,
45 °
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Reaction of dione 45 with potassium tert=butoxide in DMSO

gave no obsaervabdle signal. However, upon addition of oxygen, a weak
aignal dus to the semiquinone 51 appesred. A possible pathway

for the formation of 517 is given below:

“Q OR
o]
@" . X\
C-C-OR
38

o o
—_ :[
0 (o]

Unsuccessful previous attempts to genevate 45 ° thus appear

explicable in terme of the poor stability of dione 45 in basic medis.

C. Conclusion
Electrolytic reduction of bullvalenedione resulted in an ESR
spectrum due to a species believed to be the unrearranged bullvalene
senidione 45 °. Inspection of the hyperfine coupling constants
obtained at 298 K revealed a non~fluxional radical ion, with no
indication of change in the essential features of the spectrum at the

highest attainable temperature of 330 K. This result clearly establishes
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1 at 330 K for the rate constant

an upper liait of < 10 sec”

of the degenerate Cope resrrangement in bullvalene semidione,

43 °,
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IV. CONCLUSION TO PART III

The invescigations described in Part 111 of this diasertation were
undercaken with the intention of further expanding the number of known
examples of paramagnectic analogues to the norcaradiene-cycloheptatriene
equilibrium. Radical ions generated from the bicyclic diones 40-4)
failed to serve as such analogues, possibly due to limited stabdbilicy of
the paramagnetic ions, once formed. The primary objectives of this study
thus remain largely unrealized.

Hyperfine coupling constants in bullvalcn.‘icmidiono indicate a
non=fluxional ion at 330 K. Degenerate valsnce iscmerization in the
senidione is thus slow on the ESR time scale at modest temperaturss, 8
conclusion consistent with the properties of the parent dione (assuming a
similar propensity for rearrangement in dione and semidione) for which a

2

rate constant of 2.93 x 10° sec ~} for the degenerate Cope

rearrangment was calculated at 330 K.
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EXPERIMENTAL

Reagente
Dimathyl sulfoxide (DMSO) was distilled from Cakz at reduced
pressure end stored over molecular sievea. N,N~-Dimethylformamide (DMF)
ves distilled from cauz. Acetonitrile (caacN) vas distillad from
P2°5' Potassium tert-butoxide, [2.2.2})=cryptsnd and potassium
iodide were obtained commercially and used directly without further

purificacion.

Preparation of Semidionea and Semiquinones

Fused silica flat cells with inverted U-type mixing chambers were
used for the generation of radical anions under static conditions dy
methods previously described ([86].

Electrolytic reductions were carried out in fused silica flat cells
with a platinun anode and a mercury pool extending into the cell window
as the cathode. Occasionally, a platinum spoon was employed as the
cathode. Deoxygenation of electrolytic solutions waa accomplished by
nitrogen bubbling. A Heathkit L.V. Power Supply Model 1P=27 was used as

the current source.

Recording and Simulation of. ESR Spectra
ESR spectra were recorded usiqg eicther a Varian E~3 spectrometer
with a 4~inch magnet and 100 KHz field modulation, or a Bruker ER
200D~SRC with a 10~-inch magnet and 100 KHz field modulation. g-values

were taken with a Systron Donner Frequency Counter Model 6245A set at 100
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Hz resolution and which had been calibrated to bdetter than one part in
tan million. Used in conjunction with the frequency counter wvas an ERO3S
NMR Gauesmatar with an auto=lock self-tracking proton NMR field messuring
devica providing direct 7-digit reedout. Prior to each g-value
determination, the gaussmeter was calidbrated for che differance in
absolute field betwean the sample and the probehead. Perylene radical
cation with g = 2,002369 (87,88] was used as a standard, end
characteristic shifts ranged betveen 30-100 mG. NMR lock was mainteined
during the course of a single experiment to ensure a constant corrsction
factor. Simulation of ESR spectra ves executed on an Aspect 2000

computer with an EPRSC.015 software package.

Characterization of Compounds
la v spectra vere recorded on either a Varian EM 360(A,L) or a
Hictachi Perkin-Elmer R-20B Spectrometer. Infrared spectra were recorded
on a Beckman Acculab 2 Double Beam Spectrometer. Mass spectra vere

recorded on an All-n8-902 Spectrometer.

Preparation of Compounds
1,4,5,8-Naphthalenatatrone, 22
This coapound was synthesized according to the procedure of S.
Yoshino et al. [57): W MMR (d,-DMS0) 5 6.9 (5.

>

Naphthazarin, 21
This compound was synchesized according to the method of Fieser

(89].
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1',2'=Bis(2,5~benzoquinonyl)ethane, 18

This compound was prepared by the method of Wegner et al.

(58): IR (CDCL,) 1660 e L,

2,3,7,8-tetramethyl~1,4,6,9-Thianthrenetetrons, 19

This compound wes synthesized using the procedure of Fickentscher

(59): ! MR (g4,-DMSO) & 2.1 (S); IR (nugol) 1645 cu .,

This compound wes prepared by the method of Cram and Daeniker [90]:

g wm (C0C1,) & 7.0 (5,4), 0.8-3.0 (broad m,18) ppm; IR (neat)

1720, 3400~3500 ca" .

This compound was synthesized by the method of Blomquist and Jaffe
{91): 'u MR (m13) 5 7.1 (8), 2.6-2.8 (m), 1.0~1.7 (mw) ppm; IR

(neat) 1710, 3300-3600 cm ',

Dodecanoyl dichloride
A mixture of 50.0 g (0.22 mol) of dodecanedioic acid (Aldrich) and

119 g (0.59 mol) of thionyl chloride was stirred at 60°C for 8 h.

The mixture was then rapidly distilled using a short path discillacion
apparatus (170°C, 0.1 mm) to yield pure diacid dichloride: 'R

MR (CDC1,) & 2.8 (¢,4), 1.0-2.0 (broad m, 16) ppm; IR (neat) 1800

G:II-I 0
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2,2' Dodecanoyldicyclohexanone

To a solution of 31.5 g (0.18 mol) of l-morpholino—=l-cyclohexene
(Aldrich) and 19.0 g (0.19 mol) frashly distilled triethylsmine in 100 ml
dry chloroform vss added 25.0 g (0.09 mol) dodacanoyldichloride in 40 ml
dry chloroform. Tha mixture was stirred for 3 h, and then hydrolysed
with 100 m1 25% hydrochloric acid by hsating to rsflux for 5 h. The
mixture was then cooled to 25°C. the chloroform layer separatad and
extracted with tvo 50 ml portiona of watar. The washings sand the aqueous
phase were combined, edjusted to s pH of 56 with 23% sodium hydroxide
solution, and extracted with two 30 ml portions of chloroform. The
chloroform layers ware combined, dried with sodium sulphate, and removed

at reduced pressurs, leaving an oils !

(broad m); IR (neat) 1580-1620 cm '.

H MR (60613) § 1.0-2.3

Disodium 7,18-diketotetracosanedioate

Forty=two g (0.12 mol) of 2,2'-decanoyldicyclohsxanons in 100
methanol vea added to a solution of 30 g sodium hydroxide in 400 ml of
ethanol. The mixture was then heated to reflux for 1 h, cocoled to
ZSPC, and the off-white crystals collected on a Blichner funnel,

|

after vashing with cold ethanol: "H MR (ds-nuso) § 1.0-2.5

(broad m); IR (nugol) 3000-3100, 1700 cm ',

Tetracoaasnedioic acid

Ten g (0.02 mol) disodium 7,18~diketotetracosanedioate and 40 ml of
triechanolamine were heated to 180°C until all of the salt dissolved.
The mixture was cooled to 80°C, and 25 ml (0.45 mol) of 82% hydrazine
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hydrate was added through the reflux condenser, and the mixture heated to
reflux for S he Thirty g (0.5 mol) of potassium hydroxide dissolved in
100 ml triethanolanine at 100°C was then added to the reaction
nixture, and the temperature maintained at 190°C for 6 h. The
reaction mixture vas cooled to 1oo°c. vashed out with hot water, and
acidified to a pH between 2 and 3 with 12 ¥ hydrochloric acid. The
mixture vas cooled to ZSPC, and cthe precipitsted tetracosanedioic
acid collected on a Blchner funnel and subsequently dried under

vacuum: IR (nugol) 2900-3000, 1710 cm '.

Tetracoaanadioic acid, dimethylester
Tvo g (5.0 omol) tetracosanedioic acid, 5 drops concentrated

sulphuric acid and 50 ml methanol were heated to reflux for 12 h. The
reaction mixture vas cooled and introduced into a beaker containing 30 g
ice. The aqueous layer vas extracted with three 50 ml portions of ether
which vas dried with sodium sulphate and evaporated under reduced
pressure to yield the diester. Rescrystallization twice from hexane gave
pure diesters IB.HNR; (cn013) 8 3.5 (s, 3), § 1.0-2,3 (broad m,

22) ppm; IR (CDCL,) 1730 o

1~Hydroxy-2~ketocyclotetracosane ’

Acyloin condensation of the diester was carried out according to the
procedure of Allinger (92]). Omne g (2.5 mmol) tetracosanedioic acid,
dimethyl ester in 100 il dry xylene was added dropwise over a 24~hour
period to a 1.0 g (0.034 moi) sodium dispersion in 150 ml xylene, The
mixture was cooled to 0° » and 10 ml glacial acetic acid in 30 ml
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xylene was added dropwise. The xylene layer was separated, washed with
tvo 30 ml portions of water, dried with sodium sulphate and discilled at

reduced pressure leaving a yellow oil: IR (neat) 1710, 3450 en-l.

9'=ketohexadecanethvlene

This compound vas made by a method similar to that for 2%a: ' IR

(neat) 3500, 1715 cn”l.

12'Hydroxy=131'=ketotetracosanemethylene

This compound vas made by a mecthod similar to that for 2%a: IR
(neat) 3300, 1715 e,

Structure Proof for Acyloins Employed to Generate Semidiones

Acyloins 24, 235b, and 5 were used as crude materials while 25a and
25e were Kugelrohr distilled. The observed ESR spectra are taken as
proof that the desired acyloin had been formed. Table 1I describes the
physical properties of the purified precursors (diesters) end those
properties of the acyloins which were measured. 1In all cases, IR
indicated the presence of the carbonyl and hydroxy functions in the

acylofn.



Table 1I. Physical Properties of Diesters and Acyloins
Sysicw System No. Diester Acyloin (% yield)
-'Gc" 24 recrystallized twice from hexane 60%, yellow oil;
'} M ]
22

Cw),~ 2

@m%-

25¢

(cyu,)’c(cn. ]zcu.-

(cH, )*c (cu,)‘cu, -

and once from methanol; mp 73.5-
74.5°C [lic. [93] 74.5-74.8°C)
IR, NNR reported in text.

bp 160-165°C (0.06 wa) [lict. [90]
bp 182-184°C (0.4 mm)l; IR 1740
ety T (cocr) & 7.1 (5,0,
3.6 (s, 6), 1.2-2.8 (m, 16).

bp 160-166°C (0.05 »a) {lit.
191] bp 167-127°C (0.08 wa)]; IR
(neat) 1745 cn'l; ‘u NNR (CDCIJ)
& 1.1 (s, &), 3.65 (s, 6), 1.4~
2,9 (m, 12), 1.1 (s, 12); mass
spectiun, mfe for N* = 362.24502;

calculated for c’zuléoé' 362.24572.

N NNR (cncls) 6 1.3 (s);
IR reported in text.

S0, waxy solid,

bp 130-136°C (0.06 wm) [lic. [90)
bp 158-161°C (0.4 wm)); IR (neat)
1720, 3400-3500 cm "5 ' Wur (cDCI)

6 7.0 (8. ‘). 008'300 ‘.. 18).

20%, yellow oil;

bp 130-133°C (0.05 wm) [lic. [91]

bp 149°C (2 sm)]; material purified by
colusn chromatography with ethyl acctate~
bexane (1:1) eluvant; 'u HHR (cucls) é
7.1 (s), 2.6-2.8 (m), 10.0-1.7 (m);

mass spectrum, w/e for n 302.22398;

calculated for czznsﬁoé. 302.22459.



purified by column chromatography
using cther-hexane (1:1) as eluant;
mp 30-31°C; IR 1730 cm Y; 'u wa
(CDCIJ) § 7.0 (s, &), 3.6 (s, 6),
1.0-2.8 (m, 28); '’ wm (cocl,)
4 25.58, 29.38 (3c), 31.85, 34.56,

36.03, 51.66, 128.68, 140.38, 174.36.

purified by column chromatography
using ethyl acetate-hexane (1:1)
as eluant and recrystallized from
mcthanol; mp 65-67°C; IR (CDCI))
1720 cn™t; 'u i (coc1y) & 7.0
(s, 4), 3.5 (s, 6), 1.0-2.8 (m, &4).

102, yellow oil;
'w e (coc1y) & 6.9 (s, 4),

1715 cm L.

30%, yellow gum;
'u w (coc1)) 6 7.1 (w), L.o-
2.5 (m); IR (meat) 3500, 1715

ot

14}
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tield informection for intermediates in the synthesis of 24.
Dodecanedioyl dichloride, 48 g, 83 yield.
2,2' Dodecansdioyldicyclohexanone, 36 g, 85X yield (run twice).
Disodium 7,18-diketotetracosanedioate, 33 g, 36X yield.
Tetracosanedioic acid, 4 g, 50% yield.
" Tetracosanedioic acid, dimethylester, 1.8 g, 842 yield.
Additional information for compounds 21, 22, 23¢c, and 18.
1,4,5,8-Nephthalenetetrone, 22.
Recryatallizad from benzene; mp 222-224°C [11c. (57] mp 224-227%c).
1',1'=bia(2,5-benzoquinoyl)ethane, 18.
Purified by sublimetion at 150°C (0.1 =m); =p 192.5-193°C (11c. [%8)
sp 194%].
Nephthaaarin, 21.
Sublimed at 170°C (0.03 mm); mp 208-213°C [11c. [95) 192-193°C;
Yum (cDc1y) & 7.1 (x, 4), 12.8 (s, 2).
The synthesis of compound 25¢ is outlined in reference 96.
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Grateful acknowledgment is made to the following individuales for

generous samples of semidione sand ssmiquinone precursors which greacly

faciliteted this investigation.

Sources of Samples snd Litersture References’
Triptycene bdia(quinone), 3 Prof. H. Iwemura [26]
Triptycene tris(quinone), 7 Dr. 0. Webster l9¢¥ll
Bistriptycene bis(quinone), 8 Prof. A. Docken
{2.2)Metacyclophanequinone, 12 Prof M. Tashiro [5711
{2.2]Hetscyclophanequinhydrone, 14 Prof. M. Teshiro (57)

{2.2]Metacyclophanebishydroquinone, 13 Prof. M. Tashiro (57)
syn~7-Cysnobicyclo(4.1.0]hapt=3-ene

2,5-dione, 40 Dr. W, Balei {77)}
anti-7-Cysnobicyclo(4.1.0}hept=3~ene=2,5~

dione, 41 Dr. M. Balci (77)}
syn-7-Cyanomethylbicyclo(4.]1.0)hept=3~ene

2,5-dione, 42 Prof. V. Kldmer (76)}
anti=7-Cerbomethoxybicyclo(4.1.0]hept=3~

ene-2,5~dione, 43 Dr. M. Balci (77]
Bullvalenedione, 43 Dr. T. Miyashi ([85])
1,4~(10'~Rydroxy-11'~ketoeicosane~

methylene)~benzene, 25¢ Dr. Y. Murakami

l'!he relevant compounds appear in the cited references.
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9,10-Dihydro=9,10{1%,2' J=-benzenc~4a, %~
{2 ]butencanthracena~1,4,17,20-tetrone,
16 Dr. K. Kanematsu l57]l
1,4=Dihydro-4a,8a=(2 Jbutenc~1, 4=-methano-

naphthalene-5,8,9,12-tetrone, 17 Dr. K. Kanematsu l57ll
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