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Abstract--Five reaction stages have been identified in the reduction of pyracylene to its dianion. The same 

stages were also observed in the photochemical oxidation starting with the dianion. The formation of dimers 
of anions and of mixed valence aggregates is discussed. 

The problem of packing several negative charges in a restricted space of a single, 

?r-conjugated molecule is fundamental in the chemistry of novel carbanions. Recently, 
several polyanions were discussed vis d vis their electronic structure, magnetic properties, 
chemical reactivity, the effect of the counter cation and the unexpected formation of stable 

aggregates [1]. Diamagnetic polycyclic anions have been thoroughly studied by NMR 

spectroscopy [1]; and paramagnetic anions by EPR spectroscopy [2]. The formation of 

radical-trianions and factors governing their stability has been reported by Gerson [2]. 
The preparation of the carbanions of conjugated ?r-systems is being carried out via an 

electron transfer process by alkali metals leading to various degrees of charging, ranging 
from mono anions to hexa anions and even to more highly charged species [1-8]. 

In an alternating fashion some of these species have paired electrons and are diamagnetic, 
some have odd electrons and are paramagnetic. They can be studied by magnetic resonance 

spectroscopy [1,9], optical spectroscopy, X-ray diffraction (when crystallized) and undergo 

photo induced ET reactions in which solvated electrons are involved [10]. Very little is 
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known about the structure of non-planar conjugated anions, their aggregates and 

complexation with other anions. Reoxidation can also be performed by reverse 

photochemical processes, which eject electrons from polyanions. 

However, the degree of charging depends on the ?-conjugated skeleton. A recent 

observation and characterization of an exceptionally stable, high-order sandwich compound 
derived from the corannulene skeleton [lc,3] in which two delocalized hydrocarbon 

polyanions are held together by multiple lithium ions, both inside and out, has added a new 

feature to the landscape of organo-metallic chemistry [lc,d]. Derivatives of conjugated 

hydrocarbon dianions had previously been shown to exist preferentially as "ion triplets" with 

the lithium cations located on opposite faces of the dianion [7], and ion triplets with a 

single lithium ion between two organic anions had likewise been observed [8]. 
A combined structural study by NMR and EPR allows a detailed follow-up of the 

formation of such species. Chemical shifts and hyperfine splitting (hfs) in the EPR spectra 
are most informative. 

Pyracylene radical anion, Pyr'-, and dianion, Pyr'-, have been prepared by Trost et al., 

[lla], however, their spectroscopic as well as structural properties were not fully 
established. The pyracylene molecule Cl4 Hg, Pyr, (Figure 1) represents a subunit of the 

C60 skeleton, and it also includes a fulvalene within its framework. Moreover, Pyr seems 

to be the single invariable unit of fullerenes in the course of their isomer conversion [11 b]. 
These structural features make it and its anions worth a detailed examination. Also, like 

other condensed polycyclic molecules, Pyr poses a question about x-electrons delocalization 

mode [l,llc]. 

Figure 1. Molecular structure of pyracylene. 
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Pyr is easily reduced. So far, two polarographic half-wave reduction potentials (- 1.056 
and -1.635 eV vs SCE) have been reported [lea], and the related EPR and NMR spectra 
of the radical anion and the dianion have been observed [lld,eJ. It was proposed that in 

contrast to acenaphthylene dianion, in which the central carbon atom bears nearly a unit of 

charge [9], pyr2- would leave the two central atoms uncharged and behave as a [12] 
annulene with 14x electrons in the periphery. Trost et al. based their structure upon the 

excellent agreement of the 'H NMR of Pyr 2-/2Li' with a model of a [1 2] annulene dianion, 

although l3C NMR was not available [11 d,e]. 
We report here our observations of a multi-step reduction process of Pyr in a 

combined uv-visible, NMR, and EPR spectroscopic study. 

EXPERIMENTAL 

Pyr was synthesized by FVP (flash vacuum pyrolysis) and purified chromatographically 

[11c]. THF (tetrahydrofuran, Aldrich Chemicals) was dried over Na/K alloy. Samples of 

Pyr/M/THF solutions were prepared under vacuum after a contact with the alkali-metal 

mirror (or wire for the case of Li). The experimental setup for the pulsed Fourier transform 

EPR (FT-EPR) measurements in the X-band region following pulsed laser excitation was 

described in detail previously [10]. Characterization of equilibrated spin systems was 

carried out by conventional CW-EPR detection with 100 kHz field modulation, by 
uv-visible absorption spectroscopy and by NMR (Bruker AMX-400, working at frequency 
of 400.13 MHz for 'H). Quenching reactions were carried out in a polyethylene bag filled 

with argon. The sample tube was broken and the quenching reagent (D,O or 0,) was added. 

Then the sample was checked by NMR. 

RESULTS 

Uv-visible Absorption Spectra 
In contact with a potassium mirror the Pyr/THF solution passes through the reduction 

stages I-V, which are characterized by five different colors and consequently by five 

different uv-visible absorption spectra. Figure 2 shows such spectra for the potassium case. 

Similar phenomena have been observed for other alkali metals (Li, Na, Rb, Cs). 

The red solution of neutral Pyr (Figure 2, I), after a short contact (a few seconds) with 

the potassium mirror, undergoes a color change to bright orange. This change has been 

ascribed to the formation of Pyr'- (Figure 2, II) [11 c]. Upon further reduction, a green 
color (species III, Figure 2) is observed. The next two stages are yellow (IV) and dark 

green (V) colored solutions. The transition times between stages III and IV and between 

IV and V are very short (seconds). Only by carefully monitoring the progress of the 

reduction and interrupting it after each color change was it possible to observe stages III 

and IV. This is, possibly, a reason for the earlier reports mentioning only three stages, i.e. 

I, II, and V. The understanding of the nature of the reduction stages III, IV and V is the 
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Figure 2. UV-vis spectra of all reduction stages of pyracylene; I - the neutral pyracylene; II - radical-anion; 
III - covalently linked dimeric dianion; IV - radical-anion dianion mixed dimer; V - dianion -dimer. 

main goal of the present study. Obviously new species that differ from species I, II and 

V are presented. It should be noted, that spectra of stages III and V show some similarity 
. and therefore, a similarity of the two species is expected. In order to identify the species 

of the various reduction stages, we have applied EPR and NMR spectroscopies. 

EPR Spectra 

Following the changes in the uv-visble spectra, each stage of reduction was recorded by 
EPR as follows: 

1) The solution of the neutral Pyr, I, does not manifest any EPR signal. 

2) The EPR spectrum of stage II in the Pyr/K system is shown in Figure 3a. The 

same spectrum for Pyr radical anion is obtained with Li, K, and Na and it is characterized 

by two sets, each one split by four equivalent protons, with the hyperfine splitting constants 

(hfsc's), a, = 1.94 and a2 = 2.48 Gauss. This result is in full agreement with previous 
observations of Pyr' [ 11 d] . This stage of the reduction with Rb and Cs is characterized 

by an EPR spectrum related to two sets of four equivalent protons (with a¡Rb = 2.48, a2Rb 
= 1.94; a,cs = 2.50 and a2cs = 1.95 Gauss), and splitting by the alkali metal cation (with 

= o  = 0.114 and = 0.85 Gauss). 

3) Stage III does not show any EPR signal. 

4) Stage IV is characterized by a new EPR spectrum split by two sets of four 

equivalent protons and a set of hfsc due to two alkali-metal cations (see Figure 3b). The 

hfsc's for the different counterions are presented in Table 1. 
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5) The last reduction stage, i.e. V, does not manifest an EPR spectrum. 

NMR Data 

A detailed NMR study has been carried out for the Pyr/Li and Pyr/K systems. 

Figure 3a. Experimental and simulated CW EPR spectra of Pyr/K radical anion (stage II). 



844 

Figure 3b. Experimental and simulated CW EPR spectra of stage IV, note the difference between stage 

II (upper trace) and the experimental and simulated spectra of stage IV. 

The 'H NMR was used for the monitoring of all five reduction stages and the '3C and 

'Li NMR spectroscopies for stage V only. Thus, we had an opportunity to find out the 

electron density on the particular carbon atoms and the total charge ('H NMR and '3C 
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Table 1 

Hyperfine coupling constant f6r reduction stage IV of Pyr for different alkali-metals. Three 
hfs'c are observed: two groups for the protons (a, and a2) and one group for the alkali metals 

(a3). 

NMR). 

1) Stage I manifests an 'H NMR spectrum with two sharp peaks at 6.19 and 6.71 1 

ppm related to two unequivalent positions of the hydrogen atoms (Figure 1) in agreement 
with previous results (see Figure 4a) [1 la]. 

2) Upon reduction, the above mentioned lines of the proton spectrum of Pyr starts to 

broaden, presumably due to an electron exchange process between Pyr and Pyr" (Figure 

4b), and then completely disappears at stage II, where only the paramagnetic species (Pyr') 
is present. 

3) A very broad single 'H NMR line at 7 ppm with width of 0.5 ppm is observed for 

stage III (Figure 4c). 

4) Stage IV does not manifest any NMR signals. 

5) Stage V manifests a two-line 'H NMR spectrum, 6.09 and 6.80 ppm (for Li 

cations) (Figure 4d) which differed only slightly from that of the neutral Pyr molecule and 

which has .been previously observed in the last reduction stage and has been attributed to 

Pyr2' [lld,e]. 
The 'Li NMR spectrum shows a sharp single line at -7.2 ppm (Figure 5). 
The '3C NMR spectrum shows four lines (Table 2) related to four unequivalent 

positions of carbon atoms (Figure 1). Its center of gravity is shifted by 24.7 ppm as 

compared to the spectrum of the neutral Pyr molecule. For the assignment we used 

partially deuterated pyracylene, where most of the deuterium attached at position 1 and 5. 

The '3C NMR tertiary peaks were assined by 2D '3C - 'H correlation experiments and the 

two quarternary '3C peaks were assigned by their relative intensity (taking into account 

relaxation phenomena). 

Quenching Experiments with Deuterium Oxide 

To reveal the degree of charging of the species responsible for the NMR spectrum of stage 

V, deuteration with followed by NMR investigation of the formed product was carried 

out. The resulting 'H NMR spectrum shows four equal-intensity lines: two doublets at 7.7 
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Figure 4. 'H NMR spectra for different reduction stages. (a) neutral pyracylene (stage I); (b) line 

broadening upon transition to stage II; (c) 'H NMR trace of stage III; (d) 'H NMR bands of stage IV 

(pyracylene dianion). 

and 7.35 ppm and two singlets at 7.05 and 3.55 ppm (Figure 6), thus showing that only two 

deuterium atoms are attached. Furthermore, the '3C NMR spectrum of the product 
manifests coupling to deuterium of atoms Cl and C2 (or C5 and C6). These observations 

clearly show that the deuterated species is dideuteriopyracylene (Figure 7) and that the 

precursor is the dianion, Pyr'-. 

Photochemical Reoxidation 

Irradiation of the fully reduced species with 532 nm laser light gives rise to the reverse 

reoxidation sequence: 
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Figure 5. 7Li NMR spectrum of stage V. 

Table 2 
"C NMR chemical shift (ppm) of reduction stages I and Va. 

'In ppm relative to Tetramethylsilane. 

With the exception of stage IV, the EPR spectra of the relevent stages are identical to the 

corresponding spectra observed upon direct metal reduction. 

Oxidation of V - IV, shows, in addition to the EPR spectrum which is identical to 

the spectrum of the metal reduction stage IV, an additional line which is assigned to the 

photoejected electron [10,12]. 

Although the laser pulses were short and the FT EPR detection was sufficiently fast, 
all the spectra were in the absorptive mode and no specific electron spin polarization effects 

[12] were registrated. 
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Figure 6. 'H NMR spectrum of the quench product of the pyracylene dianion (stage V) with D20. 

Figure 7. The structure of 1,2-dideuterio pyracylene. 

DISCUSSION 

Based on the above experimental results we suggest the following reduction mechanism 

occurring under the contact of Pyr(I) with alkali metal (Roman subindices point out the 

reduction stages): 
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where we assume that Adz- is a doubly charged covalent dimer with the structure shown in 

Figure 8a, thus the continuation of the reduction process leads to IV. 

Figure 8. (a) Structure of the covalent dimer Ad2-(III); (b) The structure of the mixed dimer of radical 
anion-dianion IV; (c) The final reduction product V - a dianion dimer. 
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with the structure of IV shown in Figure 8b. The last step then follows: 

with the structure of V shown in Figure 8c. 

We suggest that both IV and V are formed via coulombic interactions with 

participation of three or four M+ cations respectively, two of which are closely attached to 

the anions (contact ion pairs, CIPs) and the others are remote (solvent separated ion pairs, 

SSIPs). 
The above mechanism meets all published and unpublished data, the most important 

points are listed below. 

1) Five stages have been observed of different colors and different uv-visible 

absorption spectra: This points out to the existence of five different species. 

2) The hf structure of the EPR spectra shows that species II is the radical anion, Pyr'-, 

coupled with a single counter-cation. Moreover, the larger cations (Rb' and Cs') form more 

tight ion pairs (and consequently they evoke larger hfsc's) as the smaller cations (Li', K+ 

and Na+) [I3-15]. 

3) Species III is diamagnetic as is manifested by its NMR spectrum. 

4) Species IV is paramagnetic. The hf structure of the EPR spectrum is in line with 

two adjoining countercations, reflecting the formation of CIP even for the small Lt. CIP 

formation for some countercations is a typical situation of sandwich structures [3]. 

5) Species V is diamagnetic. Charge quenching points out that this species includes 

Pyrz' in its structure. The Pyr2' structure is also confirmed by the observed NMR spectrum 
which is similar to the NMR spectrum obtained for the deprotonation product of 

dihydropyracylene [ I I e] . 

6) The polarographic investigation discovers two reduction half-waves only [I la]. 

This limits the electron transfer to no more than two charges. 

7) The photochemical reoxidation confirms a true redox character of the entire 

reaction chain. 

Two issues are still left open: first, the big difference between hfsc's of Pyr'- at the 

stage II and Pyr'- at the stage IV, evoking a dramatic change in the EPR spectrum in the 

course of reduction (see Figure 3b and Table 1); second, an explanation of the single-line 

7Li NMR spectrum at stage V for the unequivalent positions of lithium into the suggested 

dimer complex. 
To answer the first question we carried out HMO calculations. Figure 9a depicts the 

HMO energy diagram and eigenvector of the LUMO level of Pyr, which becomes occupied 

when Pyr'- is formed. In stage II, the complex {Pyr'-, represents SSIP (solvent 

separated ion pairs) and, thus, Hfckel orbitals of Figure 9a do not have to be perturbed. 

In stage IV Pyr'' and alkali-metal cations form CIP, and assume an increase of the Coulomb 
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Figure 9. (a) HMO energy diagram and eigenvalues of the LUMO level of pyracylene; (b) HMO energy 
diagram and eigenvalues of the LUMO level of pyracylene - the Coulomb integral has been increased for 

Cil C2, Cs and C6. 

integral. Computer simulation of such a situation (we increased Coulomb integral for Cl, 

C2, C5 and C6) shows that the electron spin density on Cl, C2, C5, C6 and C3, C4, C7, 
C8 is increased whereas the electron spin density on C2a, C4a, C6a, and C8a is decreased 

(Figure 9b). This substantiates an increase of the contact hfs interaction for two sets of 

equivalent carbons (Cl, C2, C5, C6 and C3, C4, C7, C8) which is responsible for 

increasing the hfsc's (see Table 1). It is noteworthy that an increase of the Coulomb 

interaction for C3, C4, C7, and C8 evokes a drop of the electron spin density on both 

equivalent positions. Hence, this consideration undoubtedly points out that the cation is 
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located above the five-membered ring but not above the six-membered ring. Analogous 
results have been previously obtained for acenaphthylene [16]. 

A similar conclusion was obtained by more sophisticated, MNDO calculations [ 17,18], 
carried out for a complex of two Pyr'- (species V). Moreover, the calculations show that 

alkali-metal cations are posed at the very edge of the five-membered ring, assuming a rapid 

exchange with the remote cations. This can be the reason for the observed single-line 7 Li 

NMR spectrum of species V. Similar results, namely polyanion-cation structures with 

some cations in a CIP state and the others in SSIP state, which exchange their location 

rapidly on the NMR time scale, have been previously obtained for a few multiply charged 

systems [l c, 1 6, 1 9] . Particularly, for the acenaphthylene dianion/2Li+ structure one cation 

is in a CIP situation above the five-membered ring and the other solvated cation is more 

distant from the conjugated polycycle [16]. This is almost a direct analogy to the system 
under study because the acenaphthylene structure represents a considerable portion of the 

pyracylene skeleton. 

Another explanation of the single-line 7Li NMR spectrum can be the formation of an 

aggregate. In such a case, a statistically prevailing part of the cations have an identical 

chemical shift. 

The self-association of ion pairs is not rare. For example, 2Na'l 

complexes form large aggregates in THF solution [20]. This is particularly noticeable for 

carbanions coupled with Li+ cation [21]. 
The processes and species, involved in the Eqs. (4-7) require a few comments. 

1) The chemical shift - charge density correlation [1,22-24], is a suitable method to 

deduce the ?r-charge distribution and aromaticity of species V. This method provides us 

with a linear dependence between the chemical shifts (ó) and the local ?r-charge measure 

on a particular carbon (q1l') [22-24]: 

where ON and 6 are the I3C chemical shifts for the neutral and charged species 

correspondingly, and is the proportionality factor. This method clearly shows that only 
a very small amount of the charge is located on the two central carbon atoms. Nearly all 

the extra charge is dispersed over the periphery, in a fashion in which most of the charge 
is located on the fulvalenic moiety rather than on the naphthalenic one. More of that, the 

summation of these values over all carbons provides us with the full charge equal to two. 

The absence of charge at the hub and its dispersion over the perimeter confirms the 

description as a [ 12] annulene system with 147r electrons suggested by Trost et al. [I 11 a]. 

Thus, an aromatic dianion is derived from an aromatic hydrocarbon. 

2) The single-line 7Li NMR spectrum of species V has been discussed above. Its 

negative position (-7.2 ppm) ensues from three factors: (a) the nature of the ?-system, (b) 
the position of the lithium cation, and (c) the type of ion pairing. Sakurai et al. [25], 
showed (on the example of benzene dianion) that, for antiaromatic systems with cations 

located above a conjugated ring, the Li' cations are strongly deshielded by a paratropic ring 
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current of the x-electrons. In the Pyr2' case, there is the opposite situation where the 

lithium cation in the same position is shielded by diatropic ring current that evokes the 

negative chemical shift, which was indeed observed. The magnitude of the 'Li chemical 

shift must be determined by the extent of the ring-current interaction with the lithium 

cation, i.e., by the proximity of the cation to the anionic moiety. A very strong shielding 
has been observed for Li' of the aromatic cyclopenthadienyl lithium dissolved in DME (6 
= -8.67 ppm); i.e. for system where the anion-cation pair exists as the CIP [26]. A 

considerable negative 7Li NMR chemical shift in the Pyr/Li case probably, also relates to 

the existence of at least one CIP of pyracylene lithium salt. 

3) Species III is a covalently linked diamagnetic dianion characterized by a broad 'H 

NMR spectrum. It is formed in the reaction represented by Eq. (5) via the association of 

two radical anions. This reaction can proceed very fast in which C-C bonds are cleaved 

due to the influence of alkali metals, namely due to virtually reversible electron transfer 

from radical anion to cation and vice versa. In other words, electron transfer is associated 

with bond breaking and bond formation [27]. Similar reactions have been studied 

previously [28,29]. A good example [30] is the dimerization of 9-cyanoanthracene radical 

anions in aprotic solvents: The reversed dissociation 

reaction which should occur in the photochemical reoxidation sequence, probably also 

proceeds through the stage of photoinduced electron transfer inducing bond breaking. 

CONCLUSION 

Phenomena of multi-stage reduction are known for many systems [1,2]. A few examples 
are the nonalternant isopyrene [1,31,32] and corannulene [1c,3]. These systems show five 

reduction stages. Appearance of radical trianions and tetraanions has been corroborated by 
the EPR and NMR study. A very similar behavior was observed in this study for the case 

of Pyr/alkali-metal/THF systems. However, the latter system has completely different 

genesis. Although there is alternation of diatropic and paratropic stages, it ensues due to 

formation of the covalently linked dimer at stage III, and its reaction with the cation at 

stage IV. Herewith, the last species (stage V) consists of a pair of dianions complexed by 
four alkali-metal cations, Pyr'-, 2M+, Pyr2', M+) 
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