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Abstract: Cyclic delocalization of five and six electrons, respectively, in the plane of four N centers was
explored by one-/two-electron reduction of more or less rigid, parallel bisdiaz&r&3, (with N=N/N=N

distancesd,) ranging from~2.8 to 5.0 A, interorbital

angles (p,pi) from ~175° to 9C¢°, and with more or

less kinetic protection. For the “proximate” substratess (d., ~ 2.8-3.2 A, w ~ 175-156"), short contact

with alkali metals (Li, Na, K, Cs) generates turquoise to deeply green radical adiggDME) ~ 700-900

nm). The character of these radical anions as cyclically in-plane delocalized bishomoconjugated 4N/5e species
with a high concentration of spin density between the=NN units is established by extensive UV/vis,
electrochemical, and EPR measurements (CW, pulsed) at temperatures down to 8 K, and by DFT calculations
(B3LYP/6-31G*). After longer exposure to the metals, the three most persistent 4N/5e radical anidns, (M
M*2=, M*57) are further reduced to the red dianig@M*12-, 2M*22-, 2M*+52~, A o{ THF) ~ 360—430

nm). Of the nine ion pair combinations with"LiNa*, and K" all except one (2K127) are thermally highly
persistent. For the dianions th, '*C, and’Li NMR analyses assisted by DFT calculations confirm the 4N/6e
o-bishomoaromatic electronic structure. The reduction potentials determined (CV) for dialkyl-diagenes (

10) and bisdiazened (2, and5) allow an estimate of the thermodynamic stabilization of the respective radical
anions and of the gain in electron delocalization energy in the dianebishiomoaromaticity).

Introduction

Cyclic in-plane conjugation ¢~aromaticity”)—stabilization
through cyclic electron delocalization in the plane of the ring-
forming atom&2—denotes an intriguing concept in the theory
of chemical bonding. This phenomenon, when brought about
by o-bishomoconjugation (p-p, orbital overlap), illustrated in
Figure 1 for four-center systems, basically an extension of the
classicalr- and the well-established nonclassigahomoaro-
maticity, is a rarity in that its operation is intrinsically bound
to even tighter geometrical prerequisites. Experimentally, ef-
ficient cyclic in-plane delocalization has been verified in 4C/
3e radical cations and-bishomoaromatic 4C/2e dicatiors
(Figure 2) through one- and two-electron oxidation (superacid,
PE? CV,5 EPR) of the polycyclic pagodane<C() and the
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Figure 1. o-Bishomoconjugation in homoconjugate cage dienes and
corseted bisdiazeneg-Bishomoaromaticity is associated with the

delocalization of two (dications) and four electrons (dianions). Extension
of the classicalzr- to 7-homo- tog-homoconjugation.

respective “pagodadiened), with a peralkylated cyclobutane
ring (C) and two proximatesynperiplanar G=C double bonds
(D), respectively, as rigidly preoriented four-carbon cores. In
subsequent efforts to distinguish “tight” and “extended” (4C/
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Figure 2. In-plane cyclically delocalized 4C/3e radical catighsand
4C/2e dication8, 4C/5e radical aniong, and 4C/6e dianions derived
from corseted cyclobutangs and diened. Pagodane€’, pagoda-
dienesD’, and their “molecular halvesC' andD"'.

3e) precursor radical cationa” and to define “scope and
limitations” of this sort of in-plane electron delocalization, in
1,16-dodecahedradiene atz distance of~3.5 A (0 = 180°),6

still the 4C/3e radical cation, but not, however, the corresponding
4C/2e dication, could be detect&@The importance of “kinetic
protection” is underlined by the failure to observe the dications
derived from the less rigid “bird-cages” and their dien€s,(
D").2 Of particular relevance in the context of this paper is the
fact that all these substrate€,(D) proved not amenable to
reduction to give the respective-pishomoaromatic) 4C/5(6)e
(di)anions E, F), not even after the installation of charge-
stabilizing electronegative functionalities.

Given the higher electronegativity of nitrogen, these missing
anionic bishomoconjugative bonding motifs should have a better
chance in the form of 4N/5(6)e (di)anionk,(M, Figure 3):
five (six) electrons are delocalized in the plane made up of four
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Figure 3. In-plane cyclically delocalized 4N/3e radical catidasand
4N/2e dicationsH, 4N/5e radical anion&, and 4N/6e dianion$/
derived from corseted tetraazetidineand bisdiazeneK ; alternative,
localized structuredl—P.

that, given the exceptional concentration of 13 (14) n/p electrons
in such 4N rings, anions of typé (M) would become
observable only as pairs with appropriate counterions and in
substrates which provide efficient kinetic protection (e.g., against
diazene— hydrazone tautomerization). Bisdiazenes of this sort
had been constructed with theltimately unsuccessfu
intention to open photochemical access to so far unknown
tetraazetidine&®? An early oxidation study with the most
“proximate” members (e.g2 in Figure 5) had not led to 4N/
3e(2e) (di)cations& (H) but rather to standattio-type radical
cations with practically no interaction between the neighboring
N=N units1?

In this papei314we present generation and characterization
of 4N/5e radical aniond and 4N/6e o-bishomoaromatic
dianionsM and specifically address the implicit questions: (i)

nitrogen centers and approached by one-/two-electron transferAre the delocalized structurégM distinguishable from local-

to peralkylated, rigidly corseted tetraazetidinesor very
proximate, near tgynperiplanar bisdiazends. It is understood
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ized (N/O, singlet/triplet) or tetraazane-typE)(configurations
with potentially fast electron exchange? (ii) What is the influence
of ion-pairing phenomena, of counterions, and of solvents upon
electronic structure and stabili}?26 (i) What are the limiting
geometrical prerequisites for cyclic electron delocalization, and
what is the energetic gain? To find answers, we resorted to in
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Figure 4. Diazene reference structur€s-T. ANy
situ UVNis, electrochemical (CV), CW and pulsed EPR/ A
ENDOR, and NMR {H, 13C, 7Li) measurements and quantum
chemical calculations. N=N
o= = e
Background on. e NS
Electron transfer tomonaliazenes has been intensively ddn, CN
studied. Since diazenes carryjfidnydrogens are subject to base/ 6 7
acid-catalyzed tautomerization into normally more stable hy- | 1 2 3 4 s 6 7
drazones, these studies (EPRCV1®) have been preferably o/d| 2827 2821/2877 3.021 3.154 3.088 2.994/3.214 4.887

d/d’
@

1.248/1.254 1.248 1.238 1.238 1.236

164.0 156.3 160.6

1.238 1.242

performed with diaryl- and dialkyl-diazenes, the latter being ess oo

either 8-alkylated or part of a polycyclic carbon skeleton with 742 1688
hardly removablg-hydrogens. From the EPR studies by Gerson

et al’®21 and Gescheidt et &% the diazene®Q—T (Figure 4)

are taken as reference structures. For the radical anions of the

/N /N /NCH
N/ N/ NI N o
CH, _/_) Z ;
diazabicyclo[2.2.1]hepteneQ] and diazabicyclo[2.2.2]octene A A Ve
3 310 3

(R) type—the parent structural subunits of the two most 8 9

prominent bisdiazenes in this papet &nd 2, Figure 5%
concentration of most of the spin density in th@egion of the
N=N group was established B§N hyperfine coupling constants

(hfc's) of 0.8-0.9 mT. From harder to softer counterions,

exercising different spin-transfer mechanisms*(lhegative,

Figure 5. Pool of bisdiazened—7. Calculated (B3LYP/6-31G*)
transanular B=N/N=N distancesd, A), N=N bond lengthsd, A),
and interorbital anglesu(, deg). Monodiazene8—10 as references.

723 or will be (3,24 4, 5) part of separate publicatioA%.The

Na"—Cs" positive hfc’s), ion-pairing and hyperfine interactions skeletal substitution irl, 2, and 6 was dictated by synthetic
with the metal become less pronounced. The radical anion of reasons, that ib was effected in order to enforce a shortening
bisdiazenes stands for the localization of the unpaired electron of the &7 distance and to prohibit diazene- hydrazone

on one of the two =N units. The following statements are tautomerization. In this latter respect, the diazabicycloheptene
important for upcoming discussions in this paper: For the radical (DBH, Q) and, somewhat less, diazabicyclooctene units (DBO,
anion of diazene/eng, a surprisingly large hyperfine coupling R) in 1 and 2 are known to provide effective “anti-Bredt-
constant of they-protons &4, = 0.64 mT) was proposed as  protection”. Monodiazene8, 9, and 10'° serve as reference
evidence for ther-homoconjugative R-N/C=C interaction. It compounds (UV/vis, CV).

has to be stressed that, in the EPR studies, for none of the many In the search for the most suitable method to make a reliable,
reduced dialkyl diazenes was any mention made of further consistent comparison of the substrate bisdiazenes with their

reduction to the respective dianiols?? Similarly, in the
extensive literature on the electrochemistry of diazéfem

example for the successful reduction of a dialkyl diazene is

found (the one report had to be corre@®d

Substrates
The bisdiazenes of typi¢ utilized in this study are listed in
Figure 5; the details of their synthesis have beg# @,10 6,10

(17) Gerson, FHelv. Chim. Actal992 75, 335.
(18) Simonet, J.; Gueguen-Simonet, NTine chemistry of the hydrazo,

azo and azoxy group®atai, S., Ed.; Wiley: New York, 1997; Chapter 12.

(19) Ess, C. H.; Gerson, F.; Adam, Welv. Chim. Actal991, 74, 2078;
1992 75, 335.
(20) (a) Gerson, F.; Sahin, @. Chem. Soc., Perkin Trans1997 1127.

4N/5e radical anions and 4N/6e dianions, various computational
methods have been checked against the crystallographic data
available for several bisdiazenes; the B3LYP/6-31G* method

in every respect showed the best fits (cf. Table 3 in ref 10, Table
5 in the Supporting Informatiorfy. In Figure 5 for the
bisdiazenesl—7, the B3LYP/6-31G*-calculated &N bond
lengths @), transanular B-N/N=N distancesd), and interor-

bital angles ¢, angle between the p-axes of the two facing
diazene moieties; 180@or perfect in-plane orientation) are given.

As judged by these “stereoelectronic” parameters, rigahd

(24) Cullmann, O. Dissertation, University of Freiburg, 1998. Cullmann,
O.; Vogtle, M.; Stelzer, F.; Prinzbach, Hietrahedron Lett1998 38, 2303.
(25) Beckmann, E.; Bahr, N.; Cullmann, O.; Yang, F.; Kegel, M.; Exner,

(b) For CV measurements of tetraalkyltetraazenes, see: (a) Nelsen, S. F.K.; Knothe, L.; Prinzbach, H., in preparation.

Peacock, V. E.; Kessel, C. B. Am. Chem. Sod978 100, 7017. (b) Bock,
H.; Gobel, |.; N&her, Ch.; Solouki, B.; John, AChem. Ber.1994 127,
2197.

(21) Gerson, F.; Lamprecht, A.; Scholz, M.; Troxler, H.; LenoirHzlv.
Chim. Actal996 79, 307.

(22) (a) Gescheidt, G.; Lamprecht, A.; éhardt, C.; Schmittel, Mdelv.
Chim. Actal992 75, 351. Cf.: (b) Sustmann, R.; Sauer,RChem. Soc.,

Chem. Commuri985 1248. (c) Russell, G. A.; Konaka, R.; Strom, E. T ;

Danen, W. C.; Chang, K.; Kaupp, G. Am. Chem. S0d.968 90, 4646.

(23) Bahr, N.; Beckmann, E.; Mathauer, K.; Hunkler, D.; Keller, M.;

Prinzbach, H.; Vahrenkamp, EChem. Ber1993 126, 429-440.

(26) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
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2 come closest to the caged dierigsfor which two-electron
oxidation had led to persistentbishomoaromatic dicatiori3.

In fact, in the case ol and2 (but not of 6 and7), through-
space (TS) interaction had been manifested by typical UV
absorptiond? For 3—6 it has to be remarked that, witth =
3.0-3.2 A andw = 164-156° for their thermodynamically
most stable conformation, they are not only less proximate but
also, in contrast to the rigid skeletofisand 2, rather flexible,
and hence more apt to respond to the addition of electrons by
geometrical changes. For the most “distanta conformation
“closed” to a 3.2-Ar, distance ¢ = 167.5) is ~20 kcal mot?
higher in energy than the “open” one shown.

UV/Vis Spectroscopic Measurements
For the UV/vis (and EPR) measurements, solutions of the

bisdiazene radical anion/counterion pairs were generated as

described for thenonaliazene¥-22in carefully deoxygenated
anhydrous THF and DME as solvents, with Li wire or mirrors
of Na, K, and Cs, respectively. Anions with'Las counterion
were also prepared by Li/K exchange. Simultaneous recording
of the UV/vis and EPR spectra inside the microwave cavity of

the EPR spectrometer guaranteed that measurements were made

using the very same sample under identical conditf8ns.

Since for the reference dialkyl-diazene radical aniQs—
T~ no UV/vis absorptions were reported, the reductlé—
10~ served as a model case (K, DME, 298 K). The colorless
THF solution became light yellow, and the longest-wavelength
absorption fmax = 359 nm, n— x*) shifted bathochromically
by ~20 nm to 380 nm.

In visible contrast, short exposure 15 s) of bisdiazené to
Li, Na, K, or Cs produced a turquoise (Li) to brilliant green
(Na, K, Cs) color. Upon longer contact, kinetically neatly
controllable (up to 35 min for NMR samples), this color
changed to red (golden-yellow in high dilution, Li, Na) or dirty
brown (K, Cs). Green, metal-free solutions and solid samples
of LiT1°~ kept at room temperature did not change for months
upon their contact with air, instantaneous decoloration occurred,
whereupon neutrdl was quantitatively recovered. There is the
expected influence of the counterion: the maxima of the broad,

J. Am. Chem. Soc., Vol. 122, No. 43, 200653

Table 1. Dependence of the Longest-Wavelength UV/Vis
Absorption Maxima of Radical Anion$~—5~ on Counterion,
Solvent, and Temperaturé®~ as Reference)

M+ solvent T (K) Amax (NM)
1~ Lit THF 193-298 712
Lit DME 273 709
Li*/LiCl THF 202—303 753
Na* THF 183-298 78F761
+ DME 202—282 820
K+ THF 232-298 820
Cs" THF 202-232 820
2~ Lit THF 298 716
Na*" THF 213-298 744-733
K+ THF 213-298 764-768
K+ DME 233 773
3~ K+ DME 298 840
4 K+ DME 298 881
5~ K+ DME 213-298 893-900
10~ K+ DME 298 380

Table 2. Dependence of the Longest-Wavelength UV/Vis
Absorption Maxima of the Dianion&?*~, 2>~, and5°~ on
Counterion (THF, Room Temperature)

2Li* 2Na" 2K?2*
12- 396 423
22- 367 382 397
52 373

decay within minutes. Upon exposure of bisdiaze6esd 7

to K/IDME (230-296 K), no color evolveenot surprisingly
for “distant” 7, and in the case d presumably a consequence
of even less kinetic stabilization of #6*~ than for K3~ and
Kt4,

The radical anions of bisdiazeng2, and5 were sulfficiently
persistent to allow their convenient and neat reduction to give
golden-yellow (red) dianions through longer exposure to the
metals (Li, Na, K). The red-shift of the longest-wavelength
absorption maxima (Table 2) with increasing softness of the
counterions turned out to be much smaller than that for the
radical anions (Table 1). The spectra proved to be practically
temperature invariant between 203 and 298 K. The exception

featureless longest-wavelength absorption bands (Table 1, halfwas K+1+~, for which the green color directly changed into a

band-width~220 nm) are shifted by as much as 108 nm from
712 nm for Lif1*~ to 820 nm for C3s1°7, in line with a
substantial weakening of the ion-pairing. The appearance of
these bands is suggestive of a marked structural difference
between the Sand S states in the course of the electronic
excitation (Figure 1, cf. the nodal structure of the orbitals MO3
and MO4, respectively), fluctuations in the position of the
counterions may further contribute to the lack of any structural
feature. For a given ion pair there is no significant solvent effect,
and a measurable temperature effect is found only foriNa
(hypsochromic shift with increasing temperature caused by
tighter ion-pairing due to the lower polarity of the solvént

The Li*, Naf, and K" ion pairs of2*~ (Table 1) exhibit an
UV/vis absorption (color) very similar to that of ther— pairs,
similarly red-shifted with decreasing coordination abilities of
the counterions, although the shift is less pronouncet €
57 nm).

Bisdiazenes3, 4, and5 were reduced only with potassium.
The longest-wavelength UV/vis absorption maxima of the
deeply red K3, K*4*~, and K"5°~ solutions (DME, 298 K)
are again more red-shifted by 280 nm with respect to K1°~.
Thermally, the salts 02~ and5'~, as solids or solutions, are
persistent for days at room temperature, white8K and K4+~

(28) Gescheidt, GRev. Sci. Instrum1994 65, 2145.

dirty brown. The UV/vis absorbance of the dianions remained
constant for weeks at room temperature, and in the case of
2LiT12- even for several months.

There is a lesson to be learned from this section: For the ion
pairs MT1*"—M*5~ (2MT12~, 2M*22~, 2M*527), the green
(red) color caused by their UV/vis absorption between 700 and
900 (360-400) nm is visible evidence for effective electron
delocalization. That for the NML*~ series the continuous red-
shift of the generally very broad, unstructered absorption bands
is not accompanied by a significant change in appearance speaks
for the presence of radical anions with uniform electronic
structures; not even strong ion-pairing enforces localization. The
lifetime of these anions expectedly decreases sharply with
decreasing R-N/N=N distances and increasing interorbital
angles. Yet, as manifested by the péB, the degree of kinetic
protection offered by the respective molecular skeleton plays a
crucial role, andd,, ~ 3.2 A (v ~ 155°) certainly does not
mark the limit for homoconjugational interaction.

Electrochemical (CV) Measurements®30

As stated in the Introduction, prior attempts to electrochemi-
cally reducedialkyl-diazenes had been unsuccessful; the crux
is an experimentally hardly accessible potential range more
negative than—2.8 V.20 On the other hand, the reduction of
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Figure 6. Cyclic voltammogram oR (THF/TBAPFK; (0.1 N) 0.1 V
s %, room temperature, vs Ag/AgCl).

-3,5

Table 3. Reduction Potentials (V) of Bisdiazen&s2, and5 and
Monodiazene$—10 (THF/0.1 M TBAPFK;, 0.1 V s, Room
Temperature) and Calculated Relative Electron Affinities (EA [eV],
B3LYP/6-31G*)

reduction 1 reduction 2 rel. EA

1 Eyp=-2.38V Epce=—-2.90V 0.0
2 Epe=—245V Epc=—2.87V 0.08

E]_/z =—-2.36\®
5 Eyp=-272V 0.33
8 Epc=—3.10V

Eip=—2.90\®
9 Epc=—3.00V

Eip=—-2.70\

10 Epe=—2.77V
E1/2 =-2.74 V)

2a0.1 Vst —30°C.P1V st room temperature.

diaryl-diazenes offering efficient charge delocalization was
unproblematic; e.g., for diphenyl-diazene (azobenzene) igt CH
CN(TBABF4;, Ag/AgNO; (0.1 N), 22°C, 0.2 V s9), the
reversible one-electron reduction occurs—t.72 V, followed

by a not completely reversible second reduction-at4 v 1831
Hence, the expectation was justified that efficient in-plane
delocalization as formulated with bisdiazene radical anions
should shift the first and even the second reduction potential of
the proximate bisdiazends-6 into an experimentally accessible
range.

Indeed, with the very carefully dried solvent/electrolyte
system THF/TBAPE(0.1 N), the redox behavior of bisdiazenes
1, 2, and5 (selected for the persistence of the derived radical
anions) and even of the monodiazeBe< 0 could be unraveled
(Figure 6, Table 3). For the latter three, representing the
diazabicyclo[2.2.1]heptene unit dfand 2, after some experi-

mentation, reversible reduction potentials in the predicted range

of —2.9 to —2.7 V were measured. For the most proximate,
best aligned, and rigid (d., = 2.83 A, w = 174.2) and2
(d.-(av) = 2.85 A, w = 168.8, Figure 5), not only was the
first potential significantly loweredH;,, = —2.38 and—2.36

V, respectively), but was also followed by a not fully reversible
second reduction wave-@.90 and—2.87 V, respectively). In

(29) Very recently for diazabicyclo[2.2.2]octene, an irreversible reduction
potential of —2.8 V (vs SCE, acetonitrile) was published: Pischel, U.;
Zhang, X.; Hellrung, B.; Haselbach, E.; Muller, P.-A.; Nau, W. MAm.
Chem. Soc200Q 122, 2027.

(30) (a) Heinze, JAngew. Chem., Int. Ed. Engl984 23, 831. (b)
Kiesele, H.; Heinze, J. I@rganic ElectrochemistryLund, H., Baizer, M.

M., Eds.; Marcel Dekker: New York, 1991; p 331.

(31) (a) Bard, A. J.; Sadler, J. Am. Chem. Sod.968 90, 1979. (b)

Cheng, S.; Hawley, M. DJ. Org. Chem1985 50, 3383.

Exner et al.

the case 06 (d. = 3.1 A, w = 160.6), the reversible wave
with E;p, = —2.72 V was significantly more negative (in fact,
hardly different from that of the monodiazer@40); up to the
experimental limits (ca—3.2 V), no second reduction wave
was recorded.

In brief, with By, =~ —2.7 V (10) as reference value for a
localized radical anion of typl (Figure 3)—the inductive effect
of the second KN unit in 1 and2 being set equal to that of
the acetal unit in10, and with differential effects in ion
association and solvation for mono- and dianions being
neglectee-the difference oAE ~ 0.3 V for the first reduction
of 1 and2 becomes a thermodynamically meaningful measure
of the delocalization energy gained by the radical anitms
and 2°-, which is counterbalanced primarily by the energy
needed for the moderate (but in the rigid skeletons nevertheless
rather costly) structural changes involved. That the second
potentials are more negative by on).5 V is taken as evidence
that, in the dianions, Coulombic effects due to the excessive
charge concentration are in good part offset by the gain in cyclic
delocalization energy. The failure to observe a second reduction
wave for5 reflects the significantly more negative potential for
the first reduction (lower electron affinity) and can be safely
ascribed to the less favorable stereoelectronic situation since
differences in strain between the pyrazolidine ringsiand
1/2 should have no significant impact on the=N reduction
potentials?® The energetic costs of0.5 V for the reductions
1~ — 12~ and2~ — 22-—compareAE = 0.7 V for the above-
cited first and second reductions of azobenzeseem high
when compared with the 0:2.25 V reported for the reduction
of the (homo)cyclooctatetraene radical anions to the (homo)-
aromatic dianions; clearly, in these larger annulene dianions,
the electror-electron repulsion is much weakért32 The
relative electron affinities calculated fdy 2, and5 (Table 3)
parallel the measured reduction potentf&ig

EPR Spectroscopic Measurements and Calculations

For the most proximate bisdiazere the EPR spectra
obtained after one-electron reduction with Li, Na, K, and Cs
are displayed in Figure 7. As in case of the UV/vis spectra, the
temperature response of the EPR signals can be taken as
indicative of ion-pairing phenomena: whereas the low-temper-
ature spectrum of 'il*~ is an unresolved line, a slight resolution
becomes discernible at higher temperatures. A parallel behavior
holds for the Li(LiCl) spectra; this is in line with a negative
sign of the’Li hfc, where the absolute value decreases at
elevated temperatures and thus contributes decreasingly to the
EPR line width. The N&l1*~ spectra consisting of 13 distinct
lines are inversely temperature dependent, pointing to a positive
23Na hfc; its absolute value increases with temperature. The

(32) Anderson, L. B.; Broadhurst, M. J.; Paquette, LJAAmM. Chem.
Soc.1973 95, 2198. For the reduced electroalectron repulsion in larger
annulene dianions, see: Stevenson, G. R.; Forch, B. Em. Chem. Soc.
1980 102 5985.

(33) If the stereoelectronic differences between(2) and 5 seem
inadequate to explain the significantly different stability of the respective
dianions, it should be recalled that comparable stereoelectronic differences
in the structurally closely related series of dienpagodadiened;, ~ 2.8
A, E1p=0.66 V,Epc = 1.20 V, AE = 0.54 V)/bishomododecahedradiene
(dzr & 3.0 A, E1p = 0.84 V, Epc = 1.67 V)/secododecahedradierts £
(av)~ 3.0 A, Epc ~ 0.8 V)/1,16-dodecahedradierty 4 ~ 3.5 A, Eyc ~ 1.0
V)—a second oxidation wave was observable only in the first two ceses.

(34) The delocalized structures presented in this work surfaced as the
most favorable ones. Localized structures turned out to be either much higher
in energy or even nonexistent. A detailed theoretical study of thidpLi 12
model systems and of the presented polycyclic radical anions and dianions,
with and without inclusion of solvation effects, as well as the nature of the
electronic transitions (Tables 1 and 2), will be subject of a forthcoming
paper (Exner, K., manuscript in preparation).
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Figure 7. EPR spectra (THF) ol*~ under various conditions: (a)
Li*t1°~, 250 K; the sharp central line stems from Li metal powder which
could not be removed from the solution. (b) Same as (a), 298 K. (c)
Li*(LiCl) 1*~, generated upon addition of LiCl to the solution of K".
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Figure 8. Davies-ENDOR spectra of KI*~ (a) and Li"1*~ (b) (THF,
100 K, sum over 1@ values).

CW ENDOR solution spectra, however, could not be obtained
for the Lit1°~, Li*(LiCl)1*~, and Nd1°~ ion pairs due to
saturation problems, and the CW spectra were not sufficiently
resolved to determinéH and metal hfc’s. To circumvent the

(d) same as (c), 303 K, the dotted line represents the simulated spectrumsaturation problem and to get some insight into the structures

(e) Na'1--, 183 K. (f) Same as (e), 298 K. (g)'®'~, 233 K, the inset
shows thetH ENDOR signals. (h) Cdl*~, 233 K.

K*1°~ spectra proved temperature invariant in DME (2@83

K) as well as in THF (196303 K); the3°K hfc, assuming a
comparable structure with €&, should amount to 0.03 n7?,

too small to be distinguished. In the Qs spectra, the
additional hfc of 0.318 mT is attributed to tA&Cs nucleusl(

= 7/2).

For K*1*-, ENDOR and general TRIPLE experiments
provided!H hfc’s of +0.842,+0.098,+0.066, and-0.021 mT.
The multiplicities of the!H and the“N hfc’s (0.43 and 0.34
mT) were determined by simulation of the EPR spectra. [Note:
Generally it is not always possible to detédN hfc’'s by

of the radical anions even in rigid media at low temperatures,
various pulsed experiments such as Davies-END®ORims-
ENDOR 36 three-pulse ESEEM (electron spiercho envelope
modulation)3"38 and HYSCORE (hyperfine sublevel correla-
tion)3240 were applied to Li1*~, LiT(LiCl)1*~, Na"1*~, and
K*1~ at temperatures between 8 and 100 K.

Indeed,'H hfc’s could be secured for all counterierolvent
combinations by ESEEM as well as by pulsed ENDOR. The
spectra show that thied hfc’s are virtually independent of the
counterion and the solvent. In the Davies-ENDOR spectra of
Li*1~ and K*1*~ (Figure 8), the signals belonging to the small
1H hfc’s with nearly isotropic shape are practically identical to
those found by CW ENDOR in solution. A small anisotropic
contribution with axial symmetry of the dominadH hfc

ENDOR spectroscopy; besides temperature, the viscosity of thebecomes distinct in the pulsed experimems € 26.9 MHz,

solvent and the size of théN hfc at various relaxation times
play a decisive role (Plato, M.; Lubitz, W.; Moebius, K.Phys.
Chem.1981, 85, 1202).]

(35) Davies, E. RPhys. Lett. A1974 47, 1.

(36) Mims, W. B.Proc. R. Soc. A 965 283 452.

(37) Schweiger, AAngew. Chem., Int. Ed. Engl991, 30, 265.

(38) Mims, W. B.Phys. Re. B 1972 5, 2409.

(39) Hubrich, M.; Jeschke, G.; Schweiger, A.Chem. Physl996 104,
2172.

(40) Hoefer, PAppl. Magn. Resonl996 11, 375

(41) Bally, T.;. Sastry, G. NJ. Phys. Cheml1997 201, 77923.

(42) Relative metal hyperfine coupling constants (hfc's) for identical
amounts of spin density in the meta$ orbitals: Qu = 1.74:3.84:1.00:
9.95. Nishiguchi, H.; Nakai, Y.; Nakamura, K.; Ishizu, K.; Deguchi, Y.;
Takaki, H.Mol. Phys.1965 9, 153.

A= 28.2 MHz). Thus, it is ascertained that the M structures

are identical in the rigid and the fluid-solution states, and that
the spin and the charge are delocalized over the entire 4N/5e
system.

A benefit of the pulsed ENDOR and ESEEM measurements
is the observation ofLi* hfc’s. With isotropic values oéy;
2.3 MHz (0.08 mT, THF) andcs= 0.32 mT (THF) for C31°~,
the ratio of 10:2.5 is of the expected order of magnitude (10:
1.7) and is another consequence of the closer association with
the harder counterion. Splittings due to quadrupole interactions
could not be observed.

The above results were verified by a HYSCORE experiment,
a powerful two-dimensional method for measuring weak hy-
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perfine interactions in the solid state. Figure 9 shows a 3280 3320 3360 3400 %20 340 3360 3380
HYSCORE spectrum of }il*~, summed over seven different Field/Gauss Field/Gauss

7 values. In these two-dimensional representations, the assignFigure 10. EPR spectra (THF) of (a) K, 233 K; (b) K37, 233
ment of the hfc’s is facilitated because the signals stemming Ki (6) K47, 233 K; (d) K'5™, 233 K.

from different nuclei are well separated. The diagonal represents

+ +
. . .o . i -0.053 (-0.086 -0.
the scale of the free nuclear frequencies of the individual nuclei. 1.935/L'.:\1.975( ) 2.3,21,'1?‘ 2'3":98
The hfc’s are aligned along lines parallel to the antidiagonal. 0.604 72,672, 0.563 0.551 /2,696, 0.483
For example, the peaks belonging to the domirtkhhfc’s of 1308 ke A ]| 1308 18120k - K| 1308

23.6 MHz (0.84 mT) are positioned a27 MHz on both axes.
The line connecting them bisects the diagonal at 15.8 MHz,
the freelH frequencyyy. For7Li, the corresponding peaks are
symmetrically spread around 5.8 MHz (because the hfc is small
(<2»)) and the quadrupole interaction %fi can be neglected). Figure 11. Calculated N=N/N=N distances, KN bond lengths
The presence of the latter signals reflects the close associatior{UB3LYP/6-31G*, italics, A), and hyperfine coupling constants
of Li* and1~, even at low temperatures, although ion-pairing (Davies-ENDOR, mT) for Li1*~ and Na1*~. Experimental data in
is weakened by the increasing solvation power of the solvent, Prackets.

In addition, one observes the hfc of tfid isotope @5 = 2.2
MHz) and combination frequencies betwe¢hand’Li at vy

+ v7; (20.4 MHz) andvyy — v7; (8.8 MHz). As for CW
ENDOR, theN hfc’s, unambiguously secured by the simula-
tion of the EPR spectra and by calculations, could not be

observed by any of the pulsed resonance techniques. various basis sets against the experimental data collected for
For bisdiazeneg—5, well-defined and resolved EPR afd K+1~ (Table 5, Supporting Information), UB3LYP/6-31G*//
ENDOR/general TRIPLE spectra were measured after one- UB3LYP/6-31G* emerged as the first choice.
electron reduction. In Figure 10, the EPR spectra of the ions  An inherent deficiency of the B3LYP method is its propensity
27—5" with K* in THF as solvent are displayed. The forinverse symmetry breaking, i.e., the inability to localize spin
simulations were accomplished with the help'dfhfc’s from and/or chargd! Even for “distant” bisdiazene radical anions
ENDOR measurements af#tN hfc's shown in Figure 12. The  with d ~ 5 A, such as7°~, there is no tendency for spin
14N hfc’s are around 0.4 mT for all these radical anions, in very |ocalization. For the more reliable QCISD or CCSD methods,
good conformity withl*~. Moreover, the ion-pairing phenomena  the present structures are by far too large. Yet, if thalf
are also in accord witti*; e.g., the resolution of the spectrum  model system is forced to geometrical restrictiods ), as
of Nat2*~ improves at higher temperature. For ", even a defined by the proximate bisdiazenes under studly5),
3K hfc (0.071 mT) was detected. Note thét is the least  preliminary CCSD(T)/D95* calculations indicate the prefer-
persistent radical catiortyf, for K*4*~ ~ 19 min at 233 K), ence of delocalizedC,, over Cs structures with (beginning)
followed by 3~ (> for K+t3*~ ~ 60 min at 233 K). In contrast,  localization. Thus, the application of the inexpensive B3LYP
1=, 27, and 5~ were persistent for several hours under the method to calculate geometries and hyperfine data is justified
same conditions. The persistence of the bisdiazene radical anionsn these cases.
obviously reflects the absencg, @, 5) or presenceq, 4) of According to Table 4, the experimentdN hfc's are well
acidic g protons and the distance between the two diazene reproduced, the 2(7)-H hfc is too small, and the 9(13)-H hfc is
moieties ¢/d' in Figure 12). For6 at temperatures as low as too large, presumably due to the neglect of the counterions in
203 K, no EPR signal was observed. In the cas@ wfth d = the calculations. For electrostatic reasons, the counterion should
4.887 A, a transient EPR spectrum with a quintet pattern and apreferably be located above the 4N plane and should therefore

0.983 0.072
(0.884)

0.866 0.101
(0.786)

line distance of~0.9 mT was observable at 200 K, typical for
a localized monodiazene radical anion.
The assignment of the experimentél hfc’s in Figure 12
was based on spectral comparison and calculations. From a
systematic check of HF and DFT methods in combination with
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® . mT) and K5~ (0.071 mT) and from pulsed EPR spectra of
== K* — Cs Lit1~ (0.086-0.091 mT) and Li/LiCt1*~ (0.086 mT). For
0430 _ d _ 0340 | 0.434 0.323 - !
(0:453) N..__, N (0.346) PN NV 0318 23Nat1°~, extrapolation of thé33Cs™1*~ hfc on the basis of the

7
ie-dy
<

Qu valued®—with the assumption of equafN andH hfc’s
and equal spin population on the metal iethsads to+0.123
mT, a value rather close to the 0.133 mT used for the simulation

2% e oose 0.066 0z 0'23(8 of the 2Na‘1*~ spectrum (Figure 7). . .
HY  HY *Y._ What are the geometrical changes associated with the
K1 Cs™ reductionsK — L(M)? It is understood from the nodal
(9 = 2.0039)

properties of the LUMOs (cf. orbital MO3, Figure 1) that the
=N N=N bonds @) should become longer, the =AN/N=N
/;’/K distances ) shorter, and the angles larger. Calculated for
the counterion-free anions, these changes (cf. Figures 5 and 12)
are the smallest for the most proximate, most rigid bisdiazene
1(—1", Ad = —0.141,Ad = 0.057 A,Aw = 3.5°), and the
largest for the more “distant”, more flexibke (—5~, Ad =
—0.255,Ad' = 0.054 A, Aw = 8.7°).

In short, the EPR spectra uncover similarities with radical

0.424

0.002
K*2*" K*3°"

(g = 2.0042) (g = 2.0036) anions derived from the structurally related monodiazéheO
. K (Figure 4) regarding the degree of ion association (increasing
ysed L N_IK o —< N—|o.o71 from soft to hard counterions) and the sign of the metal hfc's

(changing from negative for Lito positive for N&—Cs"). As
a distinctive difference, thEN hfc’s for the ion pairs M1~ —
M*5~ are only about half the size of tHéN hfc’s typically

‘b"- ':"
0073 N===r pe
0.114) )\r 0.090

Hy0.497 0.428 HY0497 0014\ ;000 found for “localized” monodiazene radical anio@@ —S~
(0.500) (0463) (0.665) (0.8-0.9 mT) and confirm, within the hyperfine time scale,
K'4®" K'§*" cyclic electron delocalization between the twe=N units.
(g =2.0037) (g =2.0036) Additional support comes from the pulsed EPR measurements
1° 2" as-  a4° s5° performed at temperatures as low & K providing the same

hyperfine data as established in fluid solution. Characteristic

o 269 269275 285 2% 283 for the high concentration of spin density between theNN

d/d| 1.3111.30 1.35 129 129 129 : ; ,
o 1783 1734 1696 1632 169.3 units are the large hfc’s for the centyaH'’s, as opposed to the
- - - . - very small hfc’s for the externagl’-H’s (illustrated for coun-
Adf 014 015043 017 -019 -0.26 terion-freel*~ in Figure 17, Supporting Information). Wit
Aw +4.1 +4.6 +5.6 +6.9 +8.7

= 0.38 mT for monodiazens, the largeay, values are an
Figure 12. Experimental (ENDOR, spectrum simulation), calculated additional strong argument against fast-equilibrating localized
(brackets}“N and*H EPR coupling constants (mT, THF), agdactors structures. Recall that the comparably lasge = 0.64 mT for

for K¥1'~—K*5~. Calculated (B3LYP/6-31G*) KN/N=N distances ~ model diazene/en€ (Figure 4) had been related to=NN/C=

(d, A), N=N bond lengthsd, A), and interorbital angles:(, deg) for ¢ homoconjugative interaction. The increasegffrom K+1+-

the counterion-free aniorls™—5". Structural changes-{Ad, +Aw) to Li*1*~ is in line with stronger ion-pairing. Finally, EPR
vis-arvis the neutrals —5. simulations using calculated hfc’s of localized model systems

Table 4. Selected Calculated (UB3LYP/6-31G*) and Experimental for 1'~ significantly deviate from the experimental spectra

Hyperfine Coupling Constants fdr~ and K1~ (Figure 18, Supporting Information).
UB3LYP/6-31G* exptl In the case of M1~ and M"2", all alkali salts examined
NAING 0.453 0.430 (L|+,_ _Na*, K*, Csh) proved thermall)_/ highly stable. Given the
N-14/N-15 0.346 0.340 stability of the all-bridgehead-substituted 8™, the relatively
1-H/8-H —0.010 fast decomposition of K4~ and K6~ with rather close
2-H/7-H 0.675 0.842 stereoelectronic propertied,{) is ascribed to faster tautomer-
9-H/13-H 0.130 0.098 ization rather than to reduced electronic stabilization.

concentrate the spin density between the two chromophores eveNMR Spectroscopic Measurements and Calculations
further, causing even larger 2(7)-H and even smaller 9(13)-H When the nature of the 4N/5e radical anions was established,
hfc’s. To test this hypothesis, structures and hfc’s forlki o-bishomoaromatic 4N/6e electronic structures for the corre-
and Na 1*~ were calculated (neglecting the solvent, Figure 11). sponding dianions became highly probable. Still, even more than
The metal ions are accommodated in a position practically for the radical anions, the question was open to what degree
symmetrical to the four N atoms;1.3 and 2.3 A, respectively, the stability, and hence the observability, of the dianions, with
above the 4N plane. Compared with the data for the unpairedtheir unusual concentration of six electrons in the plane and
1°~, the N=N/N=N distances and &N bond lengths are only  four n-electron pairs above the plane of the g, would be
marginally influenced, thg-H hfc's are—more for the Li* than affected by ion-pairing phenomena. Particularly for small, hard
for the Na pair—larger than the experimental ones (the ion- Li™ counterions, the tetrazane-type configurationn Figure
pairing effect is presumably overestimated as the coordinating 3, with pronounced covalent -NLi interaction minimizing
solvent is neglectedf. The negative sign for thé_i hfc is in charge repulsion, was considered a plausible alternative. Given
line with the temperature dependence noted for the Li spectra.small HOMO/LUMO gaps, the charge/charge repulsion could
Metal hfc’'s as measures of the ion pair association could be also be counterbalanced by changing from the singlet to the
obtained by simulation of the EPR spectra for'Cs (0.318 triplet state.
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Figure 13. Calculated ((U)B3LYP/6-31G*) structures and energies
(a.u.) for the $and T, states ofl>~ and 2Li"1%".

This latter aspect was addressed by (U)B3LYP/6-31G*
calculations for the counterion-free dianid#r as a representa-
tive example (Figure 13). In fact, the Singlet state lies 3.5
kcal mol~! above the T triplet state, with rather long #&N/
N=N distances (3.195 A). In the;State, with the addition of
an electron into the ASOMO of the radical anion, the=RIN/
N=N distances (2.599 A) become slightly shorter thari‘in
(Ad = —0.087 A), and the KN bonds slightly longerAd'
0.063/0.051 A). Yet, tight ion-pairing as in 2112~ places the
singlet in the ground state. Neglecting the solvent, the metal
ions occupy symmetry-equivalent positiond A above the 4N
ring featuring (averaged) bond lengths of 1.357 and 2.492 A.
Orbital analyses support the cyclically delocalized 4N/6e
configuration, which is electrostatically stabilized only by the
counterions.

For the NMR study, again, only the bisdiazerie®, and5
were used ([RQTHF, in situ distilled from Na/K). After~5—

10 min of exposure to the metal, the now deeply red solutions
(ca. 4x 1072 M) free of radical anions (no EPR signal) were
transferred into NMR tubes under vacuum and sealed off. The
generally well resolvedH and'3C spectra were analyzed by
NOE and heterodecoupling experiments (Figure 14).

After reduction ofl with lithium the H, 13C, and’Li NMR
spectra confirmed the retention of tBesymmetry. As notable
difference from the spectra of neutrl the differentiation of
the 16s/a-methyl groups due to the diamagnetic shielding by
the neighboring N%N5 double bond has vanished, the signals
of the fg-carbons ands-hydrogens (C(H)-1(8), C-3(6)) are
diamagnetically shifted by 10.1 (1.96) and 15.6 ppm, and those
of the centraly-carbons andy-hydrogens (C(H)-2(7)) are
paramagnetically shifted by 27.2 (1.09) ppm. In line with the
symmetry of 2Li12~, only one’Li signal is registered-2.73
ppm, half-width 0.07 ppm (233.2 MHz), external standard 0.1
M LiCl/H ,0).

The spectra of 2N&?~ were practically identical with those
of 2Li*12~, with comparable resolution and shifts. As already
observed in the UV/vis study, the 22~ ion pair was not
observable; théH and®3C spectra confirmed instead a uniform
decomposition pathway (vide infra). For bisdiazeewhen
reduced with Li, the NMR shift changes were comparable to
those observed fol: diamagnetic shifts for theg-carbons
(hydrogens) Ao(*H) = —1.92/-2.06 andAS(*3C) —8.6/—9.3),
and paramagnetic shifts for the centpatarbons (hydrogens)
(AS(*H) = +0.23 andAd(*3C) = +23.64-22.8). The potassium
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Figure 14. H (italics) and*3C NMR shifts ([D5]THF) for 2Li*1%-,
2Li*2?27, and 2Li"5?". Calculated (B3LYP/6-31G*) KN/N=N dis-
tances g, A), N=N bond lengthsd, A), interorbital anglesd, deg),
and changes—{Ad, +Aw) vis-avis the respective radical anions.
Calculated*C shifts for counterion-fred?-.

salt 2Kt22-, in contrast to 2K 12-, was stable but not soluble
enough to provide a homogeneous solution; still, the poorly
resolved spectra resembled those of'2&i. For 2Li"5%~, shifts

that were analogous, but rather different in size, were noted
(Aac_1(4veyg): 19.4,A5c_5(13) = 20 with respect to 2|j].127).

What is the role of the counterions? The PMSE-GIAO/
B3LYP/6-31G*-calculatetf 12C spectrum well matched the
experimental one. Deviations no larger than 6 ppm suggest only
slight perturbations of the 4N/6e electronic structures even by
the Li* counterion. What are the geometrical changed Aw)
associated with the second reduction? The comparison of the
data calculated for counterion-free dianions (Figure 14) with
that of the radical anions (Figure 12) attests to minor additional
shortening of the RN/N=N distancesAd at most~ 0.12 A)
and consequently slightly better in-plane orientation of the
p-orbitals Aw up to 3).

With the HOMO for 12~ (Figure 15, almost identical with
that of 2Li"127), the essential NMR information is sum-
marized: Cyclic six-electron delocalization with high charge
concentration between the=AN units!

(43) Chemical shieldings were calculated using the GIAO method.
Conversion to chemical shifts was done by comparison wiftiC, TMS).
To account for solvent effects, a constant shift was applied in order to
minimize the simple error of the calculated shifts, cf. ref 13.
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Figure 15. Calculated HOMO of counterion-frel?~ (B3LYP/6-31G*; the surfaces correspond to an electron densitf@02 e bohr3).

ticularly remarkable are the short homoconjugatedMNlbonds

and the nearly perfect in-plane orientation of the bond-forming

orbitals for the radical anions (8.0 A, w = 179-16%) and

for the dianions (2.62.7 A, w = 180-17%). The degree of

ion-pairing, differences in thermodynamic stabilization due to

the gradually changing stereoelectronic situatiahs, (@), and

(not the least) the skeletal-specific kinetic protection make up

for the lifetime of these ions ranging from months to seconds

at room temperature (the dianions are relatively weak bases,

THF as solvent is not deprotonated). The electrochemical

measurements allow a first, qualitative estimate of the thermo-

dynamic stabilization which the 4N/5e radical anions enjoy due
CH, H CH, to the five-electron in-plane delocalization. For the 4N/6e

S ?/ﬂ”“ dianions, a more quantitative assessment of ¢hbiShomoaro-

K K maticity” of the resulting energetic contribution and magnetic
Figure 16. Decay of the weakly associated 2" ion pair. properties (“ring current”) is expected from calculational
analyses*46

Competition experiments with the 4N/6(5) anions, the
preparation of'>N-enriched substrates® chemical shifts,
coupling constants), quenching experimefitte potential of
the dianions as ligand$,crystal structure analyses of radical
anions and dianions, the construction of tetra-N-cage struéfures
for which the sp,spx in-plane delocalization in the form of the

.....

CH CHH

The importance of the degree of ion-pairing for the observ-
ability of the 4N/6e dianions has been experienced in the
reduction of K"1*~ (the green color directly changed into dirty
brown). As was learned from the structure of the nearly
quantitatively formed product, the tricyclicigH24 hydrocarbon
11 (the stereochemistry was established by extensive NOE and
decoupling experiments), this molecular corset responds to the
enormous Chargecharge repu|sion in the Weak|y associated (44) The similarly small cyclobutadiener) dianion is calculated to

+12— ; : ; sacrifice the square aromatic structure for a puckered nonaromatic one for
2K™1%" by skeletal cleavage, ultimately with extrusion of the the sake of reduced electrerlectron repulsiond¢ (a) Hess, B. A.; Ewig,

two N=N units (as N and 2K"N2?~?) (Figure 16). C.S.; Schaad, L. J. Org. Chem1985 50, 5869. (b) Glukhovtsev, M. N.;
Simkin, B. Ya.; Minkin, V. I. Zh. Org. Khim 1987 23, 1317. Extended
Concluding Remarks n-delocalization makes 404~ moderately aromatic: (c) Ito, M.; West, R.

) o ] o J. Am. Chem. Sod 963 85, 2580. (d) Schleyer, P. v. R.; Najafian, K.;
Cyclic electron delocalizatiorvtbishomoaromaticity) in the  Kiran, B.; Jiao, HJ. Org. Chem200Q 65, 426. Recently, an X-ray structure

plane made up of four centerknown in 4C/3(2)e cations of of a cyclobutadiene dianion dilithium salt was published: Sekiguchi, A.;

. . . Matsuo, T.; Watanabe, H. Am. Chem. So00Q 122, 5652. For a brief
type A(B) (Figure 2) but not in the analogous 4C/6(5)e anions review touching the interplay of electronic stabilization and Coulombic

E(F) (Figure 3}445—has now been realized in 4N rings. By a effects inz-conjugated anions: Benshafrut, R.; Shabtai, E.; Rabinovitz,
gratifyingly productive interplay of experiment (UV/vis, CV, M. Scott, L. T.Eur. J. Org. Chem200Q 1091.

: (45) For our early attempts in the ballpark of 5C/6e anibnsge:
EPR, NMR) and theory (DFT), the nature of the green radical Eberbach, W.: Prinzbach, Kehem. Ber1969 102, 4162.

anio_ns and the _red dian_iorp generated by tr_le reduction of  (46) Schleyer, P. v. R.; Jiao, HPure Appl. Chem1996 28, 209.

particularly preoriented bisdiazenes—5, N=N distances up (472Ir21 egp:oratogy ﬁXperlments, 1,4-hor;§conjugatlve addition of HOAc
~ i i i to 2LiT2%~ delivered the respective tetrazarie.

to | 3'2|.A’ mter.OLbltal ang!es as small a1 55’) .aslcyC“.Ca“y (48) For example: Bach, |.; Pechke, K.-R.; Proft, B.; Goddard, R.;

delocalized, bishomoconjugated 4N/5e radical anions and Kopiske, C. Kriger, C.; Rufinska, A.; Seevogel, K. Am. Chem. Soc.

o-bishomoaromatic 4N/6e dianions is firmly established. Par- 1997 119, 3773.
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tetrahomoconjugate 4N/7(6)e (di)cations depending on the A three-electron configuration was employed throughout. The working
skeletal mobility (“in—out isomerism”) would have to compete electrode was a Pt disk (diameter 1 mm) sealed in soft glass, the counter
with the tetrahedr&® 4N/7(6)e, and the well-established linear €lectrode a Pt wire coiled around the glass mantle of the working
2N/3(2)e bonding motifd-51are topics of active investigatica. electrode, a_nd the referencg electr_ode an Ag_ wire on which AgCI had
It is appropriate to remark that the return for the enormous been deposited electrochemically, immersed in the electrolyte solution.
investment into synthesi™ has already been additionally Potentials were calibrated against the formal potentials of ferrocene

. . (+0.35 V vs Ag/AgCl) and cobaltocene-0.94 V vs Ag/AgCl). The
rewarded by the more recent demonstration of in-plane delo- measurements were performed with a Jaissle potentiostat IMP88 and

calization in 4N/3(2)e cations (better represented as cubically 3 pAR 175 programmer. For the preparation of the radical anions, see
delocalized 4N40/11(10)e cation$?P>in 4N radical cations,  refs 19-22. ESR and optical spectra were recorded simultaneously on
in 4N cations’® and in 4N anion§%5” Very recently, an a Varian E9 spectrometer with an optical cavity to which a TIDAS
alternative access to the 4N/6(5) anions has been openedgdiode array spectrometer (J&M, Aalen, Germany) was attached. CW-
involving the oxidation of the “anions” generated by metalation EPR and CW-ENDOR spectra were recorded with a Bruker ESP 300
of the bishydrazines derived inter alia from the bisdiazenes Spectrometer, and Mims- and Davies-ENDOR three-pulse ESEEM and
utilized in the present reduction study (Figure®s). HYSCORE experlment_s were conducted Wlth a Bruker ESP 380
. - spectrometer. All manipulations were carried out under an argon
Even though the .eX|stence of .fqur-centered, anionic 4N atmosphere. The quantum chemical calculations were performed with
homoconjugationd-bishomoaromaticity), as the central theme Gayssian 94 (revision E.25 and the DF calculations with Becke's
of this paper, is bound to exceptional, and in every respect three-parameter hybrid functiod&l using the correlation functional
expensive, molecular corsets, the 4N/5e radical anions and 4N/developed by Lee, Yang, and P&is.
6e dianions presented are more than just “curiosities” 3,4,4,5-Tetramethyltricyclo[7.3.0.69dodeca-5,7-diene (11)The
particularly the dianions, with their extreme concentration of brownish, homogeneous THF solution resulting from the reduction of
charge, stand as impressive manifestations for the power ofl (136 mg, 0.50 mmol) with potassium (one reaction product, TLC)
enforced proximity, disclosing novel, intricate facets of chemical Was quenched with water/pentane. After standard workup with very
bonding. careful removal of the pentane, the colorless, highly volatile oil (ca.
70 mg, the yield is reduced by loss during concentration) was found to
) . be purell H NMR ([Dg]THF, THF = 1.73, 400 MHz): 6 = 6.23
Experimental Section [ddd, J = 0.4 Hz,J;0= 1.8 Hz,J76 = 9.9 Hz, 7-H], 5.81 [ddJs =

The CV curves were recorded in carefully purified and dried argon- 48 HZ:Je7 = 9.9 Hz, 8-H], 2.37 [ddddJs.; = 1.8 Hz,Jo s = 4.8 Hz,

purged THF with tetrabutylammonium hexafluorophosphate as sup- Jo.10: = J.1= 6.7 Hz,Jo1g = 12.0 Hz, 9-H], 1.92 [m, 12-H], 1.91 [m,

porting electrolyte (Philips model PM 8271-% recorder). For the J25-me = 2.1 Hz,J,3=9.0 Hz, 2-H], 1.87 [m, 10"§]' 1.82 [m, 1-H],

higher scan rates, a model PS0 8100 imk transcient recorder was usedL-78 [M: 11-H], 1.73 [m, 12-H], 1.63 [dJs-we2 = 2.1 Hz, 5-Me],

1.55 [m, 11-H], 1.41 [dg,Js.3 ve = 6.6 Hz,J32 = 9.0 Hz, 3-H], 1.24

(49) (a) Heitzmann, M.; Yang, F.; Kegel, M.; Prinzbach, H., manuscript [M, 10-HJ, 1.07 [d, Js-we 3= 6.6 Hz, 3-Me], 0.96 [s, 4-Me], 0.76 [s,

in preparation. (b) Nelsen, S. F.; Buschek, J.JMAm. Chem. So0d.974 4-Mef]. 13C NMR ([Dg] THF, THF = 25.30): 0 = 140.1 (C-6), 133.1

96, 6424. _ (C-5), 131.5 (C-8), 121.7 (C-7), 52.9 (C-3), 50.2 (C-2), 44.8 (C-1),
(50) Bremehr, M.; Schleyer, P.v. R.; Scholz, K.; Kausch, M.; Schindler, 24 1 (C-9), 33.6 (C-10), 32.2 (C-12), 25.9 (4-Me25.6 (C-11), 19.6

M. Angew. Chem., Int. Ed. Endl987 26, 761. . (4-Mey), 14.1 (3-Me), 9.7 (5-Me), 48.9 (C-4). MS (Elyn'z (relative
(51) (a) Gerson, F.; Gescheidt, G.; K, J.; Martin, W. B., Jr.; ) :

Neumann, L.; Vogel, EJ. Am. Chem. S0d992 114, 7107. (b) Alder, R, intensity) 216 [M] (15), 201 [M" — Me] (100), 159 (19), 145 (40),

W. Tetrahedron199Q 46, 683-713. (c) Alder, R. W.Acc. Chem. Res. 91 (30). GgHzs (216.4).
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