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The anion radical of mono-bromo-[8]annulene was generated in the absence of ion association, and the EPR-
measured spin densities can be explained in terms of the odd electron occupying®4Os: [2+/(n? +

DI Y1 + mpa — s — Mpa+ s + Nyps — 17 — Npg) and Ws' = [2v/(N? + 1)] X1 — o — 93 + nypa

+ s — mps — 7 + Myg) wheren > 1. This anion radical subsequently disproportionates to its corresponding
dianion and neutral molecule. The dianion then undergoes a loss pfeawing the [8]lannulenyl carbanion,

which can abstract a proton from either HMPA or liquid ammonia. The pseutio-bromo-[8]annulenyl
carbanion also loses Bito give [8]annulyne, which can be stabilized in the form of its anion radical.grhe

value of the anion radical of [8]annulyne indicates that the extra strain energy due to the presence of the
triple bond causes the two highest occupied MOs (degenerate in the anion radical of [8]annulene) to be
slightly split.

The benzyl ([6]annulenyly radical (GHs*) represents the  particular, dinaphthyl ether can be reduced to its anion radical,
prototypical aromatie radical whose formation, reactivity, and  which can disproportionate to the corresponding dianion and
structure have been the subject of numerous stddigsroperty neutral molecule (Scheme 1). The dianion undergoes an
of particular interest is the positive electron affinity (EA autocleavage reaction to give the alkoxide and the aryl carban-
+27.8 kcal/molj? of CsHs", as opposed to the negative EA of jon. The aryl fragment then extracts a proton from the solvent
benzene (EA= —26.6 kcal/mol for GHe).*2 This, of course, is  (dimethoxyethane) to give naphthalene. The spontaneous cleav-
due to the formation of the carbanion as opposed to the age of the dinaphthyl ether anion radical to a naphthyl radical
7r-delocalized anion radical upon electron addition. One of the and an alkoxide also leads to the formation of sofé'-
most common ways to generatgHs'® in solution involves the binaphthy!.
dissociative capture of an electron by a [6]annulenyl halide,

reactions 1 and 2 The positive EA of GHs" renders reaction annulenyl or cyclooctatetraenyl radical, which we anticipated

3 exothermic m_solutlon and in t_he gas phase. A series of would form from the anion radical of monobromo-[8]annulene
analogous reactions take place via the capture of an electron

. . . (Br—CgH;*7). We were surprised, however, to see that-Br
by an [8]annulenyl halide, but owing to the very different . ; .
: . L CgH7*~ does endure for several minutes at ambient temperature
guantum mechanical situation in [8]annulena (@ electrons)

as opposed to that in [6]annulenen(4 2 & electrons), the .a”d that the expecte_d product frorgH& (blscyc_lo_octatetraenﬁ)
o is not formed, reactions 4 and 5. It was anticipated that the EA
results are quite different.

of CgH7* would be even greater than that of [8]JannulengHg}
X X because the EA of [8]annulene is positive (EA+14 kcal/
@ e ‘ mol)3® and B3LYP/6-31G* calculations ong87~ predict some
1) delocalization of the negative charge into the eigkdtectron

ring system.

—’© X @ g Br @
@ " C ©) Br ="+ )

Over 40 years ago, Eardfedemonstrated that diaryl ether

anion radicals can also undergo dissociative cleavage. In The anion radical of BFCgH; was unknown, but that of
N - - - cyano-[8]annulene (CNCgH7*™) exhibits a characteristic EPR
Tﬁﬂ{,&s";‘t’;‘f‘g”Sn?vue“ﬂg{f‘ma"' cdsteve@ilstu.edu. spectrum for an [8]annulene §8s) anion radicadl with
* California State University. an electron-withdrawing substituentUpon EPR analysis,

The next (in size) annulenyt radical is GH7*, the [8]-
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SCHEME 1

Q0 — 0000

CN—CgH7~ reveals four large proton couplings from the even- (®; — ®s)/+/2.

numbered carbons, a small is exhibited by the psuedo-para 0

proton, and even smaller splittings arise from the protons on y — (_-5)(1/} + P, = P — Pyt P+ P — P, —
positions 3 and ?.This is consistent with the odd electron ! V2 ! 2 ° ! ° ® ! 8)6
residing in the molecular orbital&¥s) represented in Figure 1. (6)

There are three electrons in the nonbonding molecular orbitals g = (O_-S)(wl — Py — Pyt Y+ Y5 — g — Py + Py)
(NBMOs) of the D4, (with alternating bond lengths)¢8g"~, V2

which constitute?’, andWs in eqs 6 and 7 when R H. W, @)
and Ws represent the 1:1 linear combinations of the NBMOs O, = (}) — e — 8
for the D4y, equilibrium geometries with alternating bond angles 412 1= Y5t vs = ) ®)

(egs 8 and 9. That is, W4 = (P4 + Ps)/+/2 and Ws = 1
O = (i)(’l)z —Ps+ Ps— Yy 9)

The addition of an electron-withdrawing substituenttHBr)
at position 1 lowers the energy &f;' while not perturbingds',
which has a node at position 1. Because there are three
nonbonding electrons, the odd electron reside¥ijhandWs',
which are heavy in®s' (egs 10 and 11 where > 1). The
distribution of the odd electron W, andWs' results in a large
EPR coupling constant for the protons in positions 2, 4, 6, and
8 and a smalby for those in positions 3, 5, and 7.

, D, nDg
4 _—
2Vn? +1

[29n® + 1]y + N, — 93— Ny + g + N —
Y7 — Myg) (10)

‘P4 (R = H) ‘P5
Yy (R=Br) Ys' W= (I)4_ nCI)5_

° 2/n?+1

Figure 1. Pictorial representations of the Jahheller distortion of

the [8]annulene moiety in the anion radicals of [8]Jannulene and of Br- [ 1
[8]annulene to the bond length alternatibg, geometries. Th®4, bond [2vn™+ 1] (yy — My — g+ My, + 95 — Mg —
angle alternating structures represent the transition states for the Y, + npg) (11)

exchange from one bond length alternating geometry to the other. The

wave functions for the bond length alternating structuts)(are linear . . .
combinations of those for the bond angle alternating structubss. ( The one-electron reduction of BCgHy via a freshly sublimed

The nodal planes in the bond angle alternating structures are denoted?0tassium metal mirror in hexamethylphosphoramide (HMPA)
with dotted lines. under high vacuum, where ion association is not presgiaids
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G Figure 3. (Upper) X-band EPR spectrum, recorded at 298 K, after

Figure 2. (A) X-band EPR spectrum, recorded at 298 K, immediately the lithium reduction of BrCgHy in tetrahydrofuran containing NP
after the potassium reduction of B€gH; in HMPA. The two arrows and NH; at —120°C. (Lower) Computer generated simulation using a
mark the peaks just to the left and right of central peak i . (B) 5.5:1 mixture of GH,D*~ and GHg"~ a4 = 3.29 G (8 Hs in GHg"~
Computer generated simulation usingsaof 6.37 G (4 Hs), and 1.60 and 7 Hs in @H;D*") and @ = 0.50 G (1D in GH;D*").

G (1 Hs) for B—CgH7*~. The peak-to-peak line width\vp,) for Br—

CgH~ is 0.37 G. This largé\wy, is, in part, due to unresolved spliting ~ SCHEME 2

from the bromine and the pseudo-meta protons. (C) EPR spectrum of Br Br B
the same solution recorded about 20 min. later. (D) EPR spectrum of 2 . + @ r
the same solution recorded about 40 min. after the recording of spectrum -~

C.

a solution that exhibits an EPR spectrum consistent with this Br 2 . Br

analysis, Figure 2. The observed four large splittiags= 6.37 <\_j

G come from the protons on the even-numbered positions and

the smallay from the pseudo-para proton (on position 5). The D

very small splittings from the protons in the 3 and 7 positions y

are buried in the line width, which is augmented by the - 'I‘I(CDs)z

unresolved splitting from the Br, which has¥a nuclear spin. @ + (DsC),N—P=0

The spin densities observed on positions 3 and 7 are smaller lll(CD3)2 ~

than on position 5 because of proximity effects relative to the D.C, '}'(CD3)2

large Br substituent. D.C
Further inspection of Figure 2 reveals the presence of the ¥ N(CDy),

very familiar EPR pattern for the anion radical of [8]annulene, D ; D

with its nine-line pattern due to the odd electron coupling with y e

eight equivalent protongy = 3.29 G). Because the only source

of CgHg*~ (other than impurity) is the substitution of the Br in

Br—CgH7 with a hydrogen (probably from the solvent), we the ammonia, used to form the Li mirror, which was used to

carried out the reduction in a HMPA solution containing 25% carry out the reductiob Repetition of this experiment using a

HMPA-dy56 This leads to an EPR spectrum clearly revealing Mixture of NH; and a preponderance of NDesults in the

the presence of &1;D*~. The relative concentration ratio of ~formation of mixture GHg'~ and GHsD*~, Figure 3. Clearly

[CgH/D*J/[CgHg*"] of 1/33 is eight times smaller than 1/4, the [8]annulenyl carbanion cannot extract a proton from THF,

which would be observed in the absence of a kinetic isotope but it can from ammonia and HMPA.

effect, this translates to a kinetic isotope effectkkafkp = 8. Bromo-[8]annulene is known to be dehydrohalogenated by

This large primary kinetic isotope effect means that the hydrogen the strong base, potassiusrt-butoxide, leading to the (nearly

is shared nearly equally between theHG~ and the HMPA in planar§®reactive intermediate [8]annulyne, reaction'12vhen

the transition state. the lithium reduction of BrCgH7 is carried out as describe
Because substituted [8]annulene anion radicals undergo@Pove, but with the THR- NH; containing one equivalent of

efficient disproportionatiof jt is most likely that the gH, anion potassiuntert-butoxide, two species can be observed via EPR

forms from the disporportionation of BiCgH7*~ to its corre- spectroscopy. The major EPR active productdsl£-, and the

sponding dianion and neutral molecule followed by the elimina- Other product yields a spectrum with the samis as those of
tion of the Br- from the dianion. This carbanion then extracts the anion radical of [8Jannulyne ¢8¢""),'* reactions 12 and
a proton from the HMPA or deuterated HMPA to form the [8]- 13

annulenes, which are subsequently reduced gblsC and

Br Br _
CeHiD"~, Scheme 2. OUCH:, o~ ©| 12
By analogy, we assumed that the Li reduction of-BgH7 @ - (12)

in THF-ds at 150 K would yield a solution of the anion radical ©
|

of deuterated [8]annulene, butlds~ is the only paramagnetic
species observed. Our assumption, however, did not consider
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Apparently, the [8]annulenyl carbanion quickly extracts a _ _ i
proton from the solvent (either Ng-br HMPA) to form [8]- 8 1 i
annulene, while the pseudwtho-bromo-[8]annulenyl carbanion
releases bromide to form [8]annulyne. Just as insight into the 7 2
singly occupied MOs of monosubstituted [8]annulenes can be —_
garnished from the EPR splittings, insight into the SOMO of
the [8]annulyne anion radical can be obtained from the EPR
measuredy value!? The experiment resulting in the simulta- L =
neous observation of Elg'~ and GHe"~ leads to the perfect Wy Y5
opportunity for theg-shift measurement, which yields valuable 4 4 I N

\
\

insight into the relative energetics of the molecular orbitals. RS
Since the earliest postulation of the existence-tfenzyne

([6]annulyne) over 130 years adgb,[6]annulyne has been

recognized as a reactive intermediate in base-induced elimination

/

/7

4
reactions of halobenzen&sand it has been the subject of
reviews!®d About 110 years after its proposed existence, it was
captured via cryogenic (4 K) deposition, and its IR spectrum —_
was recorded® In recent years, the gas-phase anion radical of
this highly reactive molecule has been generated{enzene

— H,0 + CgH4 ™), which allowed gas-phase PES observation.
The next annulyne ([8]annulyne) has received considerably less Dy (O
attention; h.owevelrr, it W_as obsierved in the gas phase as ItSFigure 4. Pictorial representations of the Jahfeller distortion
corresponding anion radicakBs'.1°*We have now observed  (exaggerated) of the [8Jannulene moiety in the anion radical of [8]-
it in solution under conditions where itgvalue can be readily  annulyne. The bond length alternating structures represent the transition
measured. states for the exchange from one bond angle alternating geometry to
The g values for most anion radicals are within 1% of that the other.
of the free electrong;).1®@Hence, highly accurate methods are
required forg-value measurements, the best being the use o
an internal standard. Because of differences in electron affinities
and the reactivity of radicals toward one another, it is usually N :
impossible to observe quantitative shifts with an internal  SNOWnN in Figure 4, due to the presence of the triple bond.
standard. Hence, external standards are usually used, and this Careful simulation of the central portion of the EPR spectrum
leads to laborious measurements with unsatisfying experimental©f e GHg™™ + CeHe'™ mixture in THF at 150 K shows that
errors!t13The reaction between the [8]annulenyl carbanion and the spectrum of gHe" is shifted upfield from that of gHg™

ammonia leading to §Hs coupled with the formation of s by AB, = 0'215i 0.003 G, Figure 5. This translates to\g
from Br—CgH, and base afforded a unique opportunity to of 4.4 x 10°° That is,®4 and®s are not degenerate in planar

observe the two respective anion radicals simultaneously. By d€hydro-[8Jannulene. This is due to the unequal mixingaf
simply exposing the THF solution of BiCgH- to a stoichio- andWs to form @4 and (1)5 Thls_un,(,aqual mixing Is a result_ of
metric deficiency of base and then exposing the resulting mixture the shorter triple bond “preferring” the configuration depicted
(Br—CgH7 + CgHg) to the fresh (from ammonia) lithium metal y Wa.
surface, @Hg*~ and GHeg'~ are observed simultaneouslysHs~
serves as the internal standard, and the difference in the two
spectral centers could be measured directly and accurately. The monoanion of monobromo-[8]annulene can be generated
Nearly 40 years ago, Stone developed a general theogy of in two ways: an electron can be added to theystem, or a
values, which, when applied to conjugated hydrocarbons, leadsvicinal (to the Br) proton can be subtracted. In the former case,

f conformations (Figure 4). Any difference that can be observed
between theg values of GHg*~ and GH¢*~ represents a splitting

in the degeneracy of the two alternating bond-angle structures,

Conclusions

to the simple expressioAg = gobsda — Jo = [(31.9+ 00.4) — the one-electron reduction leads to an anion radical in which
(16.6+ 1)A] x 1075, where the improved numerical constants the electron distribution follows the accepted quantum mechan-
were taken from Fraenkel et ¥F In the simple HMO model, ical model® This anion radical disproportionates to its corre-

the energy of the SOMO is given liy= o + 1. The work of sponding dianion. The dianion subsequently undergoes reductive
Blois et all32agrees with this theory quite well, but confirmation elimination of bromide. The resulting [8]annulenyl carbanion
by Fraenkel et allP removed any doubt as to its utility during  can then abstract a proton from slightly protic solvents such as
the early development of MO theory. This interpretation in terms HMPA and ammonia but not from THF.
of the Hickel version of Stone’s theory is very outdated, but In the later case, potassiutart-butoxide extracts a proton
the basic ideas still have utility in modern data interpretation. that is in the pseudo-ortho position leading to the corresponding
The data interpretation in the case of thgHg~ system must bromocyclooctatetraenyl carbanion, which then loses Br
take account of the locked (short) bond betwegra@d G. yield [8]annulyne. The unstable [8]annulyne can be “trapped”
The MOs for 1,2-disubstituted COT systems represent the via the addition of an electron as its corresponding anion radical
ring in the alternating bond-angle conformations, where (now) (as previously publishedy. The EPR resonance of this anion
the alternating bond-length conformations represent the transi-radical is shifted slightly upfield from that of the anion radical
tion states; see Figure#The GH¢"~ system is a disubstituted  of [8]annulene, indicating that the dehydrogenation of the [8]-
COT where the protons are replaced by p orbitals. Hence, theannulene anion radical splits the degeneracybgfand ®s in
CgHg*~ system is best represented by alternating bond-angle Figure 4.
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Figure 5. (Upper) A 3.5 G scan of the central portion of the x-band

EPR spectrum, recorded at 150 K in THF, of a mixture of the anion Glass
radicals of [8]Jannulene and [8]annulyne. The very large line at spectral Tube 1
center is due to the central resonance @H£, and the two lines
adjacent to it are due to natural abundaf¥® splittings in GHg"". s
The smaller resonances that appear downfield and upfield ofthe Up
lines are the 10 and 14" resonances, respectively, in the spectrum of . . .
CgHe. (Lower) The complete spectrum of the anion radical of [8]- Figure 6. Apparatus used to generate the anion radicals used in the
annulyne, with connecting arrows to the corresponding resonances inEPR analyses.

the upper spectrum. Note that the spectrum g4 is shifted upfield

from that of GHg"~ by 15 mG. C from a separate bulb. The reduction of the THF solution was
) _ done with lithium metal. Because it is very difficult to sublime
Experimental Section lithium metal under vacuum in Pyrex glass (because lithium

Materials. The synthesis of BrCgH; was carried out as undergoes an ion-exchange reaction with sodium within the
described by Krebki ND3 was purchased from Aldrich Chemi- ~ Matrix of the glass), the lithium was dissolved in §(+5 mL).
cal Co. The deuterated solvents were purchased from Cambridge! "€ @mmonia was subsequently removed under high vacuum,
Isotopic Laboratories. and a lithium mirror remained. In reactions involving ithe
Reductions in HMPA. A sealed glass tube (with fragile ends) lithium mirror was formed with NH, and NI (~1 mL) was
was charged with 0.1 mmol of BiCgH; and placed into bulb condensed into the THF solvent from a gas cylinder.

C of the Pyrex glass reaction apparatus shown in Figure 6. A ) )
small piece of potassium metal was placed into bulb A, and Acknowledgment. We thank the National Science Founda-
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