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Abstract: The radical anions of 2,3-naphthobarrelene (2) and 2,3-naphthobarrelane (3) were studied by ESR spectroscopy
and polarography in order to investigate the importance of long-range coupling, 1,3-w-= interaction. ion pairing phenomena,
and steric and strain effects in these species. The magnitudes of the two largest hyperfine splitting constants (hfsc’s) of 2.~
and 3-~ were found to vary appreciably as a function of the solvent and the counterion; these variations are interpreted in
terms of ion pairing phenomena. The relative importance of the combined effects of electron repulsion and steric desolvation
by the bicyclic moieties versus the effect of strain due to the bicyclic moieties is believed to determine which aromatic pro-
tons have the largest hfsc in these species. Analysis of the observed variations in the hfsc's in conjunction with a model for the
lowest energy ion pair of 2.~ or 3.~ was used to assign the two largest hfsc's in both radical anions and to consequently indi-

cate the relative importance of the above effects.

Studies of the hyperfine coupling patterns of complex
radical anions as a function of their structure and geometry
are a topic of continuing interest.! The extent and mecha-
nisms of long-range hyperfine coupling (i.e., coupling at or
beyond the v position relative to the radical center(s), see
structure 1) in radical species in recent years, for example,
has received much attention in the literature.? Long-range
hyperfine couplings (hfsc’'s) of varying magnitudes have
been observed in many rigid polycyclic radical anions, in-

cluding those containing the semidione,? semiquinone,2b¢
and semifuraquinone?d spin labels.

Few studies?® of aromatic radical anions containing a
fused bicyclic (or higher polycyclic) ring,* however, have
been reported. In the present paper. we wish to report the
results of a study of the hyperfine coupling patterns in the

radical anions of 2,3-naphthobarrelene (2, 1.4-etheno-1.4-
dihydroanthracene) and 2,3-naphthobarrelane (3, 1,4-eth-
ano-1,2,3 4-tetrahydroanthracene).

Results

The radical anion of 2 was generated for ESR study by
reduction of a dilute solution (1.0 X 1073 Af)> of 2 in vari-
ous ethereal solvents at low temperatures with an alkali
metal. Two of the hfsc’s of 2.7 were found to vary signifi-
cantly with the solvent and the counterion as illustrated by
the data in Table 1. The small pentet splitting of ~0.13 G
was generally resolved only at lower temperatures. Line
width alternation and metal coupling were not observed
under any of the conditions studied. Simulations of the ex-
perimental ESR spectra (using a computer program which
assumes a Lorentzian line shape) were performed using
each of the sets of hfsc’s shown in Table I. In each case, the
simulated ESR spectrum was in excellent agreement with
the experimental ESR spectrum.

Similarly the radical anion of 3 was generated for ESR
study by reduction of a dilute solution (2.0 X 1073 M)¢ of 3
in various ethereal solvents with an alkali metal. Apprecia-
ble variations of two of the hfsc’s of 3.~ were also observed
upon change of the solvent and counterion, as the data in
Table Il indicate. Line width alternation and metal cou-
pling were not observed for this radical anion under any of
the conditions studied. Each of the experimental ESR spec-
tra corresponding to the sets of hfsc’s shown in Table 11 was
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Table 1. Hyperfine Splitting Constants? of the Naphthobarrelene
Radical Anion
Temp,

Solvent? Metal °C a ., ag., D A
MeTHF K -50 386 5.59 1.77 ¢
THF K -50 4.01 5.41 1.78
DME K =50 4.04 5.40 1.77
THF Na -50 4.09 534 1.77
DME Na -50 430 5.15 1.75
DME/10% HMPA Na -50 430 5.15 1.75
THF K -80 4.01 5.41 1.78 0.13
DME K -60 4.03 540 1.77 0.12

2 Hfsc's in gauss: all samples were 1.0 X 1073 M. ® MeTHF = 2-
methyltetrahydrofuran, DME = 1,2-dimethoxyethane, THF = tetra-
hydrofuran, and HMPA = hexamethylphosphoramide. ¢ The smallest
hfsc was not resolved under these conditions.

Table 11, Hyperfine Splitting Constants? of the
Naphthobarrelane Radical Anion
Temp,

Solvent Metal °C a, ass L P N
MeTHF K -50 4.08 5.64 1.78 0.80
THF K -50 428 548 1.78 0.83
DME K -50 439 537 1.77 0.86
DME Na  -50 463 5.11 1.77 0.86
DME/10%Z HMPA Na -50 4.63 5.09 1.76 0.87

@ Hfsc's in gauss; all samples were 2 X 1073 M.
Table 1114 Temperature Variation of the Hfsc's? of the
Naphthobarrelene Radical Anion

Temp,

Solvent  Metal °C a,, ag, Qgr  @y—1s
MeTHF K -80 3.83 5.62 1.77 ¢
MeTHF K -50 3.86 5.59 1.77
MeTHF K -30 3.89 5.55 1.77

a Sample was 1.0 x 10~ M. & Hfsc's in gauss. ¢ The smallest hfsc
was not resolved under these conditions.

Table 1V. Polarographic Data

Compd Eysa Ipb ne
2 -2.73 2.52 1
3 -2.69 2.39 1

a4 Ey, = half-wave reduction potential in V vs. SCE; measurements
were made in DMSO containing 0.1 M Bu,NCIO, as supporting
electrolyte and a 1073 M concentration of the substrate. & Iy = dif-
fusion current constant in uA 1. mmol ™ mg /3 sec'/2 ¢ 1 = num-
ber of electrons associated with the wave.

simulated: in each case, the simulated spectrum was in ex-
cellent agreement with the experimental spectrum.

Over the temperature range studied (~—=80 to —30°),
both 2.~ and 3.~ exhibited only a very slight or, under many
conditions. a negligible temperature variation of the hfsc's.
The greatest temperature variation of the hfsc’s for 2.7 was
observed in MeTHF with K* as the counterion; data illus-
trating this temperature variation are given in Table IIL.
The magnitude of the largest hfsc of 2.~ decreased slightly
with increasing temperature, while the magnitude of the
second largest hfsc underwent a corresponding slight in-
crease.

Polarographic studies of the electrochemical reduction of
2 and 3 were conducted in anhydrous dimethyl sulfoxide
(DMSO). Each of these compounds exhibited a single po-
larographic wave over the range of negative potentials ac-
cessible electrochemically; the polarographic data measured

for these waves are given in Table 1V. In each case, the
height of the reduction wave was found? to be diffusion con-
trolled and the wave was found® to be reversible and to cor-
respond to reduction by one electron to the corresponding
radical anion.

Discussion

Aromatic Proton Hyperfine Coupling. Since 2.~ and 3.~
are both examples of 2,3-disubstituted naphthalene radical
anions, one can assign the ~1.8 G hfsc to protons Hg and
Hy7; a hfsc of similar magnitude has been reported® for the
corresponding protons in the radical anion of 2,3-dimethyl-
naphthalene (4).

The assignments of the two largest hfsc’s in 2.7 and 3.~
are not so straightforward, since in these radical anions
there is the a priori possibility of several effects which
would necessarily influence the choice of assignment (de-
pending upon which one(s) is dominant). In 4.7, there is a
slight polarization of the spin densities away from the elec-
tron repelling methyl groups toward ring A, as indicated by
the fact that as s is somewhat larger in magnitude than a4
for this species.® This same effect is expected in the case of
2.~ and 3.7, since these latter species are also 2,3-dialkylna-
phthalene radical anions. In fact, the polarization of spin
densities toward ring A might be even greater in the case of
2.~ and 3.~ as a result of a second effect, viz. a solvation ef-
fect, which may also be important in the latter two radical
anions. The large bulky bicyclic moieties fused to ring B in
2.~ and 3-- may appreciably interfere with the ability of
negative charge present in this ring to be effectively solvat-
ed (relative to solvation of charge in ring A). This could re-
sult in a further polarization of spin density and hence more
negative charge density'® toward ring A. If one or both of
the above effects were dominant, then ass would exceed
a; 4 in magnitude.

On the other hand, Rieke and coworkers® have found
that the largest hfsc (~5.4 G) observed for 5.~ is due to
protons H, and Hj4 in ring B and is a result of a strain ef-
fect. The strain effect? is believed to result in the C; and Cy4

carbon atoms becoming appreciably more electronegative
and consequently polarizing spin density more extensively
toward ring B. Both 2.7 and 3-~ appear to be strained
species, ! although to a considerably lesser extent than 5.~.
Nevertheless the hfsc’s of 2.~ and 3.~ which were initially
measured in DME and THF were very similar in magni-
tude to those previously reported® for 5.7, This initial result
indicated the possibility that a similar strain effect might be
present in 2.~ and 3-7, in which case its effect upon the spin
density distribution would be surprisingly large in magni-
tude relative to the degree of angle strain present. If the
above strain effect were the dominant factor determining
the spin density distribution between rings A and B in 2.~
and 3. 7 then the largest hfsc would be a; 4.

Assignments of the two largest hfsc’s in 2.~ and 3.~ are
possible on the basis of the observed variations of the hfsc’s
(Tables I and II) in conjunction with a geometrical model
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for the lowest energy ion pair of a radical anion of the class
encompassing 2-~-5.7. The variations observed'? in the
hfsc’s of 2.~ and 3.~ with the varying conditions of solvent
and counterion shown in Tables I and Il can be attributed
to varying degrees of ion pairing. The fact that only one dis-
tinct spectrum was observed and that the measured hfsc’s
varied in magnitude with changing conditions strongly
suggests the presence (under the conditions studied) of a
rapid equilibrium!? between a “free” radical anion and an
ion pair(s) or one between two (or more) different ion pairs.

In early conceptions!® of the geometries of radical anion
ion pairs, the counterion was often viewed as being located
at positions relatively far apart from the main regions of
high negative charge density. More recently, an electrostat-
ic interaction model, in which the counterion is predicted to
occupy a preferred position(s) near regions of high electron
density, has gained wide support.!3> Upon applying this lat-
ter model to predict the geometries of (the lowest energy,
most favorable) ion pairs of 2.7-5.7, one might expect the
counterion to lie over one of the aromatic rings of the naph-
thalene moiety. Rieke and Bales'® have reported evidence
that, in case of ion paired 5.7, the preferred position of the
counterion is over ring A for steric reasons. The large bulky
bicyclic moieties present in 2-~ and 3.~ might be expected
to exert an even greater steric influence upon the placement
of the counterion in ion pairs of these latter radical anions
and result in the counterion preferentially occupying a posi-
tion over ring A of the naphthalene moiety. Thus we apply
Rieke’s ion pair model to ion-paired 2.~ and 3-7, a model in
which the counterion resides over ring A of the naphthalene
moiety.

If perturbation of the spin densities on the aromatic car-
bon atoms of 2.~ and 3.~ occurs when conditions are varied
from those favoring free radical anions to those favoring ion
paired radical anions, the perturbation is expected (on the
basis of electrostatic considerations'’) to be in the form of
polarization of additional spin density (and hence negative

charge density) toward ring A, which is geometrically clos-

er to the counterion than ring B in the above ion pair model.
A concomitant polarization of a corresponding amount of
spin density away from ring B is likewise expected. Such a
perturbation in the spin densities on the aromatic carbon
atoms should be directly reflected in the relative magni-
tudes!® of the aromatic proton hfsc’'s according to the
McConnell equation.'® Hence an increased polarization of
spin density toward ring A and away from ring B as de-
scribed above should result in a net increase in the average
value of the hfsc’s associated with the protons on ring A and
a net decrease in the average value of the hfsc’s associated
with the protons on ring B.

In the case of 2.~ and 3.7, only the two largest hfsc’s
(a).4 and as ) were found to vary appreciabiy in magnitude
with varying degrees of ion pairing (see Tables I and I1), in-
dicating that the perturbation of the aromatic spin densities
in these species due to ion pairing is substantial only?®
at atoms C,, C4, Cs, and Cg, Thus, in case of 2.~ and 3-~,
an increase in the magnitude of as g accompanied by a de-
crease in the magnitude of a; 4 can be taken as being indic-
ative of a net polarization of additional spin density to ring
A and away from ring B.

Assignment of the two largest hfsc’s in 2.~ and 3.7 is pos-
sible from the experimental determination of the direction
of variations of these hfsc’s with more extensive ion pairing.
If the largest hfsc were due to protons Hs and Hs (on ring
A), an increase in the magnitude of the largest hfsc with
more extensive ion pairing would be expected on the basis
of the McConnell equation,!? since additional spin density
is drawn to ring A and, in particular, mainly to atoms Cs
and Cs (see above) upon ion pair formation. A concomitant
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decrease in the magnitude of the second largest hfsc (which
would be ay 4 if as g were the largest hfsc) with more exten-
sive ion pairing would also be expected, since spin density is
drawn away from ring B and, in particular, mainly from
atoms C; and C, (see above) upon ion pair formation. Al-
ternatively, if the largest hfsc were due to Hy and H4 (on
ring B), exactly the opposite directions of variations in the
magnitudes of the two largest hfsc’s would be expected, i.e.,
the largest hfsc (a;4) would be expected to decrease in
magnitude and the second largest hfsc (as;3) would be ex-
pected to increase in magnitude upon more extensive ion
pair formation.

Experimentally (see Tables 1 and II) the largest hfsc of
2.7 and 3.~ was found to increase in magnitude as the sol-
vent was changed from DME to THF to MeTHF (order of
increasing degree of ion pairing?!) while other conditions
were kept constant (i.e., counterion, temperature, and con-
centration). The second largest hfsc in 2.7 and 3-~ de-
creased in magnitude by an equivalent amount, such that
the sum of the two largest hfsc’s in these radical anions re-
mained essentially constant (within 0.04 G) under all condi-
tions studied (Tables I and 1I). Similarly, when the counter-
ion was changed in the order Na*t to K+ (order of increas-
ing degree of ion pairing??) and other conditions were kept
constant, the largest hfsc of 2.7 and 3-~ was found to in-
crease in magnitude and the second largest hfsc was found
to decrease in magnitude to such an extent that the sum of
these two hfsc’s again remained constant. Thus the largest
hfsc in 2.7 and 3.~ can be assigned to protons Hs and Hg
which are located on ring A. This result indicates that in
2.7 and 3-~ the solvation and/or electron-repelling effects
(vide supra) of the bicyclic moiety are more important than
the strain effect, if present, in determining the spin density
distributions on the aromatic carbon atoms in these species.

The temperature dependence observed for the hfsc’s
(Table I11) did not so clearly support only the assignment of
as g as being the largest hfsc. Instead it could be interpreted
as supporting the assignment of the largest hfsc to either H,
and Hy or to Hs and Hg. lon pair formation is generally
more extensive at higher temperatures.?? If the largest hfsc
were due to Hs and Hg (on ring A), it should presumably
increase in magnitude with increasing temperature, as ion
pairing becomes more extensive and results in a polarization
of additional spin density to Cs and Cs on ring A (vide
supra). Under conditions where a temperature dependence
was observed for 2.7 and 3.7, however, the largest hfsc was
found to decrease in magnitude slightly with increasing
temperature, possibly indicating that the opposite assign-
ment of a; 4 being the largest hfsc is the correct one. The
prediction of the above temperature dependence, however,
is based upon the assumption that the observed temperature
dependence of the hfsc’s is due to shifts in the position of
equilibrium between radical anions that are “more exten-
sively” ion paired and radical anions that are “less exten-
sively” ion paired; this assumption is not necessarily a valid
one under all conditions.

If a different type of equilibrium is also considered, i.e.,
one between ion pairs having two different geometries, the
observed temperature dependence directly supports the as-
signment of the largest hfsc to Hs and Hg. Calculations?*
on the preferred position of the counterion in an ion pair of
the naphthalene radical anion indicate that the lowest ener-
gy position for location of the counterion is a position over
either of the two aromatic rings, when the distance between
the counterion and radical anion is within certain ranges.?*
The potential energy diagram for this ion pair as a function
of the position of the counterion along the main axis (x
axis) of the naphthalene ring thus consists of a well having
a double minimum.?* In the case of a 23-dialkyl-
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naphthalene radical anion, the potential energies of the two
minima are no longer identical and the potential energy
minimum corresponding to the counterion being located
over ring A is lowest in energy (vide supra). If there is a
rapid equilibrium between the two types of ion pairs corre-
sponding to the two minima as illustrated in Scheme I, then

Scheme |
M * M*
= T O
6 7

increasing the temperature would tend to increase the popu-
lation of the higher energy ion pair 7 that is present at equi-
librium and hence result in an increase in the magnitude of
a4, since spin density is drawn increasingly toward ring B
as ion pair 7 is more heavily weighted in the equilibrium.?’
Thus the small temperature variations of the aromatic pro-
ton hfsc’s in 2.7 and 3 may reflect slight changes with
temperature in the relative amounts of the two types of ion
pairs 6 and 7 present at equilibrium rather than changes in
the relative amounts of two or more types of radical anions
differing in the extents to which they are ion paired. Of
these two interpretations, we favor the latter since it alone is
consistent with as g being the largest hfsc, an assignment
which all of our other data strongly supports (vide supra).

The direction of the variations of the two largest hfsc’s of
5.~ upon more extensive ion pairing, as indicated by the
data of Rieke and Bales in ref 16, is exactly opposite to
those of 2-~ and 3-=. This is just as expected since the larg-
est hfsc in 5.~ was independently established by deuterium
labeling® to be due to H| and H; on ring B rather than due
to Hs and Hg on ring A as in the case of 2.~ and 3-7. Upon
more extensive ion pairing, the largest hfsc of 5.~ de-
creases'® in magnitude, since spin density is being drawn
from C, and C, in ring B toward ring A.

The case for the assignment of as g as the largest hfsc in
2.7 and 3.7 is strengthened by the fact that the alternative
possibility of a| 4 being the largest hfsc in these radical an-
ions would pertain only if the perturbations of the aromatic
spin densities due to strain were of an unusually large mag-
nitude, considering the modest degree of angle strain pres-
ent in these species. Furthermore, if one adopts the view-
point that the largest hfsc in these species can be directly
assigned to asg for the above reason, then our present ex-
perimental results provide evidence that the ion pair model
originally proposed for 5= by Rieke and Bales'® is also
valid for ion pairs of 2.~ and 3-~. Thus the finding that the
largest hfsc (as g, if assigned directly as discussed above) of
2.7 and 3.~ increases in magnitude upon more extensive ion
pairing indicates that, based upon the electrostatic consid-
erations developed earlier, the counterion is closer to ring A
than to ring B in ion pairs of these species in direct support
of the ion pair model of Rieke and Bales.

The hfsc’s of 2.~ and 3.~ with Na* as the counterion
were virtually identical in DME and in DME containing
added HMPA. These hfsc’s for 2.~ and 3.~ are believed to
be characteristic of the “‘free’ radical anions in which per-
turbations due to ion pairing are minimized. The difference
between the two largest hfsc’s (asg—a) 4) of the “*free” radi-
cal anions of 2 and 3 (0.85 and 0.46 G, respectively) is
greater in each case than the corresponding difference (0.3
G) previously reported® for “free” 4.~, indicating an even
greater polarization of spin density toward ring A in 2.7
and 3.~ relative to that of 4.7, This greater polarization of
spin density toward ring A in 2.~ and 3.~ most likely is due

to one or both of the following factors: (1) the bicyclic
moieties in 2 and 3 may be more electron repelling than
methyl groups; (2) the bulky bicyclic moieties in 2.~ and
3.7 may appreciably interfere with solvation of negative
charge in ring B and result in an increased polarization of
spin density toward ring A.

It does not appear possible to dissect the relative impor-
tance of the above two factors except in a very qualitative
manner. It can be argued though that the second factor is
probably important to some degree. To a first approxima-
tion, the electron releasing or electron repelling ability of
the bicyclic moiety in either 2.~ or 3.~ can be considered
approximately equivalent to that of two isopropyl groups.
The total electron releasing ability of an isopropyl group,
however, is essentially identical?® with that of a methyl
group; the polarization of spin density in 2.~ and 3.~ conse-
quently might be expected to be approximately the same as
that in 4.7, if only the first of the above factors were impor-
tant, The fact that there is a greater polarization of spin
density toward ring A in 2.7 and 3.~ in comparison to 4.~
thus suggests that the second factor is also of importance.
The inability (see ref 4) of the corresponding benzo-fused
bicyclic molecules to undergo radical anion formation is
also suggestive of the interference by the bicyclic moiety in
the solvation of charge on the aromatic ring fused to the bi-
cyclic moiety. It thus appears that this second factor, which
one might term steric desolvation, is of some importance in
these radical anions.

Nonaromatic Proton Hyperfine Coupling. The small pen-
tet splitting of 0.13 G observed for 2.~ can be attributed to
the four equivalent vinyl protons H,|-H 4. Similarly the
pentet splitting of ~0.8 G observed for 3.~ indicates inter-
action of the odd electron with four equivalent protons; the
latter hfsc is assigned to the four equivalent anti protons H,
of 3.7, since these protons are in a good w-plan arrange-
ment?? with the 2p, orbitals of C, and C3 and would be ex-
pected?” to exhibit a significantly larger hfsc than the corre-
sponding syn protons Hs, which are not in a w-plan arrange-

ment.
The magnitude (0.13 G) of the vinyl proton coupling in

2.~ indicates that only a small amount of spin density ap-
pears on the two ethylenic moieties of this species. This
small coupling could result from: (1) a mechanism?® involv-
ing spin transfer without electron transfer to the ethylenic
bond, e.g., a spin polarization mechanism; (2) a mechan-
ism2® involving spin transfer with electron transfer to the
ethylenic bond, e.g., a mechanism involving direct 1,3-7-7
conjugation of the two weakly overlapping = moieties; or
(3) a combination of both of these mechanisms.

A simple Hickel calculation indicates that there is very
little weighting?® of the vinyl carbon atoms in the lowest an-
tibonding MO of 2.7. Alternatively, orbital symmetry anal-
ysis can be used to arrive at this same prediction. Kosman
and Stock?® have shown that long-range hyperfine coupling
via direct 1,3-7-w conjugation of two = systems is unimpor-
tant if the symmetries of the orbitals involved on the two =
systems differ. In 2.7, the lowest antibonding MO y of the
naphthalene moiety containing the odd electron is symmet-
ric with respect to the plane of symmetry present in this
species whereas the antibonding MO’s of the ethylenic
moieties of 2.~ are antisymmetric with respect to this sym-
metry element. Thus a mechanism of spin transfer of type 2
(see above) involving donation of electron density from the
naphthalene moiety to the unoccupied antibonding MO’s of
the ethylenic moieties in 2-~ can be ruled out on the basis of
the molecular orbital calculations and the different sym-
metries of the pertinent MO’s.

The results of the polarographic study of the reduction of
2 and 3 indicate the lack of an appreciable lowering of the
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energy of the lowest antibonding MO of 2.~ as a result of
1.3-7-7 conjugation (relative to the energy of Y of the
naphthalene moiety). Thus compounds 2 and 3 were both
found to undergo reversible one-electron reductions to their
respective radical anions, but the £ ; for 2 was found to be
0.04 V more cathodic than the E,/; for 3. Just the opposite
result would be expected?® if 1,3-7-7 conjugation were im-
portant in 2.~ and if it consequently afforded a lowering of
the energy of the lowest antibonding MO in 2.7, Thus the
polarographic results are also suggestive of a mechanism for
the vinyl proton hfs other than 1,3-7-7 conjugation.

Although other possible mechanisms2® for this coupling
cannot be completely ruled out, a mechanism involving spin
polarization of the electrons of the vinyl C-H bonds could
certainly give a hfsc of the observed magnitude and in our
view is the most attractive possibility. Such a spin polariza-
tion of the vinyl C-H electrons could conceivably occur via
a direct through-space mechanism?’ or, as a second possi-
bility, via an indirect mechanism?’ involving transmission of
the spin polarization through the ¢ bonds. Of these two
possibilities, the direct through-space spin polarization is
more likely in the case of 2.7; a mechanism for the vinyl
proton coupling involving transmission of spin polarization
through the ¢ bonds might be expected3? to also result in
detectable coupling of the bridgehead protons in 2.~ which
was not observed.

No hyperfine coupling assignable to the bridgehead pro-
tons was observed for either 2.~ or 3.7, as might be antici-
pated since the bridgehead C-H bonds in these species are
located at angles of essentially 90° with respect to the 2p,
atomic orbital on the respective adjacent = carbon atoms.
Since the dominant term in the 8 proton coupling equa-
tion?’? contains a cos? § relationship, where # is the dihedral
angle between the 2p, orbital and the C-H bond, one would
expect the coupling in these cases where 8 is ~90° to be
zero or very small. Other radical anions containing the bicy-
clo [2.2.2] moiety have also failed to exhibit any detectable
bridgehead proton coupling, including a semidione?® and a
semiquinone.2®

In conclusion, the finding that the largest hfsc in 2.~ and
3.~ is due to protons Hs and Hg on ring A indicates that the
combined effects of steric desolvation and electron repulsion
by the bicyclic moieties of these species are more important
than the strain effect, if present, due to the bicyclic moiety
in determining which hfsc is the largest in these species.
This study is to our knowledge the first one in which analy-
sis of the variations of hfsc’s under changing conditions is
used in conjunction with an ion pair model to assign hfsc’s
in specific radical anions.

Experimental Section

2,3-Naphthobarrelene (2). This material was prepared according
to the method of Zimmerman and Bender.>! Upon recrystalliza-
tion from 75% aqueous ethanol, the white crystals melted at 131-
132° (lit.31 130-132°).

2,3-Naphthobarrelane (3). To a solution of 250 mg (1.22 mmol)
of 2.3-naphthobarrelene (2) in 10 ml of 95% ethanol and 5§ ml of
ether was added 10.0 mg of 5% Pd/C. The resulting mixture was
hydrogenated at 40 psi for | hr on a Parr apparatus. The reaction
mixture was filtered through celite and concentrated in vacuo.
Vacuum sublimation (2 mm) of the crude product at 113° afford-
ed 179 mg (72%) of a white solid: mp 121-123.5°; NMR (CCls,
100 MHz) 6 1.34-2.04 (A;B> m, 8, methylene), 3.08 (broad s, 2,
naphthalylic), and 7.26-8.02 and 7.56 (A;B> m and s, 6, arom); ir
(KBr) 3.43 (s). 3.51 (s). 6.24, 6.70, 6.92, 7.55, 8.99, 9.88, 10.57
(s). 11.29 (s). 11.68 (s), and 13.45 (s): uv (cyclohexane) 249
(2822), 258 (4164), 268 (5616). 278 (6085), 289 (3971), 303
(553), 313 (299). and 317 (464) nm.

Anal, Caled for CygHya: C, 92.26; H, 7.74. Found: C, 92.20; H,
7.76.
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ESR Samples. All samples for ESR were prepared on a high
vacuum line using techniques that have been previously de-
scribed.32 Samples having a known concentration of the reducible
substrate were prepared by adding a measured volume of a stan-
dard hexane solution of the substrate to the ESR sample tube and
then slowly evacuating the sample tube to remove the hexane.
After briefly drying the deposited substrate in vacuo, the solvent(s)
was distilled into the sample tube and then degassed by means of
several freeze-thaw cycles. The alkali metal was then distilled to
the top of the sample tube to afford a mirror. The tube was sealed
in vacuo at <0.1 u. The samples were developed in the standard
manner in a hexane slush just prior to use and then quickly trans-
ferred to the precooled ESR cavity. The ESR spectra were record-
ed on a Varian V-4500 ESR spectrometer equipped with a Varian
variable temperature accessory.

Polarography. The polarographic studies were conducted using
a Sargent Model X VI polarograph equipped with a Sargent Model
A IR compensator. The DMSO that was used for the polarograph-
ic samples had been distilled from calcium hydride under reduced
pressure and was stored over molecular sieves. The (#-Bu)sNClO,
used was reagent grade and had been dried at 80° overnight on a
high vacuum line (<1 u) prior to use. All of the polarographic
samples were 0.1 M in the supporting electrolyte and 1 X 1073 M
in the substrate. All polarographic measurements were conducted
at ambient temperature in a three-electrode polarographic cell
equipped with a saturated calomel electrode as the reference elec-
trode. The m and ¢ values characteristic of the capillary of the
DME were measured with the capillary immersed in a 0.1 M solu-
tion of (#-Bu)sNCIO4 in DMSO with the circuit closed and with
the potential set at the E'|,2 of the polarographic wave being stud-
ied.

ESR Simulations. The ESR simulations were performed using a
Digital Equipment Corp. PDP-10 computer and a Calcomp plot-
ter. The ESR simulation program that was used is one that was
written by Professor J. Harriman of the University of Wisconsin
and was modified for use on a PDP-10 computer. A Lorentzian
line shape for the spectral lines is assumed in this program.
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Abstract: The activation parameters for the ring inversion process (chair to twist) of 1.4-oxathiane were found to be AHF =
8.78 £ 0.7 kcal/mol, AS? = 0.45 £ 0.35 eu, and AG? = 8.69 £ 0.3 at 177.2°K by variable temperature NMR. These results
are discussed in relation to the use of new methods of computer analysis and more accurate temperature measurement and
control. Predictions of entropies of activation, and hence calculation of enthalpies of activation, for ring inversion processes

based on reaction path degeneracies are discussed.

Measurement of enthalpies and entropies of activation
for the ring inversion process in six-membered rings by
NMR methods has not always produced satisfactory re-
sults. This arises from difficulties inherent in the NMR
methods of determining rate constants. Results reported for
the cyclohexane ring inversion (Table 1) illustrate the prob-
lem. The original results'? for this compound (AG? = 10.1
kcal/mol, determined; AS? = 3.6 eu,? estimated; AH! =
10.8 kcal/mol.? estimated from AG* = AH! — TAS?) arein
excellent agreement with the most recent results from ex-

perimentally derived data's (AG? = 10.22 kcal/mol, AS? =
2.8 eu, and AH? = 10.8 kcal/mol). In the years between
these two reports a wide range of enthalpies and entropies
of activation (AH? = 9.0 to 11.5 kcal/mol, AS* = —6.5 to0
4.9 eu) were reported. In contrast, the AG? values are rela-
tively invariant. The difficulties in determining accurate
enthalpies of activation, even though accurate free energies
of activation can be determined, have been discussed else-
where.?

Inaccuracies in the NMR method can be separated into
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