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Summary 
The ESR. spectra of the radical anion and cation of 113,5-tri-t-butylpentalene 

(IT) have been reexamined under higher resolution. With the assistance of the 
ENDOR. technique, the coupling constants of all protons in II? and 110 could be 
determined. The experimental data agree satisfactorily with the values predicted by 
the simple MO model which suggests that the n-spin distributions in 110 and 110 
should not strongly differ from those in the corresponding radical ions of parent 
pentalene (I). As in the case of other non-alternant hydrocarbons, the proton cou- 
pling constants for 110 are very sensitive to experimental conditions, due to the 
association of the radical anion with its counterion. Spectra of 114' taken at low tem- 
peratures (down to 133 and 163 K for ESR. and ENDOR., respectively) have not 
revealed specific line-broadening which could arise from the bond shift between the 
two Kekulk-structures of pentalene. 

Introduction. - Pentalene (I) represents a simple non-alternant 8 71-electron sys- 
tem of considerable theoretical interest [l]. Neither the parent compound I nor its 
methyl derivatives could be isolated in pure form [ 2 ] .  I ,  3,5-Tri-t-butylpentalene (11) 
is the only alkyl derivative which proved to be stable at room temperature, when 
prolonged exposure to air is avoided [3]. The ESR. spectra of the radical anion IlQ 
and the radical cation 11% have recently been observed by Johnson [4] who reported 
some of the proton coupling constants. In the present work, owing to a higher 
resolution of these spectra and to the use of the ENDOR. technique, a complete 
analysis of the hyperfine patterns has been achieved for both radical ions studied 
under a variety of experimental conditions. 
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Table I.  Proton coupling constants, aHlra) in mT, for  the radical anion of I .  3,5-tri-t-butylpentalene (II)h) 

Solvent MTHF DME/HMPA DMF DMSO CH2C12 

Counterion NaB K @  NaQ K B  EtdNQ Bu4Ne BQN@ 

Temp.(K) 213 293 213 293 213 213 213 293 193 

p=1,3(t-Bu) 0.018 0.021 0.018 0.021 0.017 0.018 0.018 0.019 0.017 
2 0.105 0.121 0.094 0.120 0.086 0.088 0.088 0.088 0.090 
4,6 0.616 0.646 0.645 0.654 0.664 0.666 0.661 0.662 0.662 
5 ( t - B ~ ) ~ )  0.003 0.003 0.003 0.003 - - - - ~ 

") 
b, 
c ,  

The meaning of Hp is H-C(x), H-C(y), whereas only x and y are given in the Table. 
Experimental error: 10.001. f0 .002  and k0.005 mT for aH ,,3(,.Bu), aH2 and aH4,6, respectively. 
Splitting unresolved; with the solvent MTHF, the value aH5,(1.Bu)= 0.003i0.001 mT could be esti- 
mated from the line-widths in the ESR. spectra. 

Experimental Part. - The synthesis of 1,3,5-tri-t-butylpentalene (11) has been described elsewhere 

The radical anion 110 was produced by reaction of I1 with an alkali metal (sodium or potassium) in 
2-methyltetrahydrofuran (MTHF) and in a 5: 1 mixture of 1,2-dimethoxyethane (DME) with hexamethyl- 
phosphoric triamide (HMPA). In addition, IIQ was generated electrolytically in dimethylformamide 
(DMF), dimethylsulfoxide (DMSO) and methylene chloride which contained tetraalkylammonium 
(Et4NQ or Bu4NQ) perchlorate as the supporting salt. 

[31. 
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Fig. 2. ESR. and ENDOR. spectra of the radical cation of I, 3,5-tri-t-hutvlpentulene ( II ) .  Solvent: CH2C1,; 
temp.: 283 (ESR.) and 243 K (ENDOR.). LIP= frequency of the free proton. 

Table 2. Proton coupling consianfs, aHpd) in mT, f o r  the radical cation of 1,3.5-tri-t-butylpentalene (IZib) 

Solvent CH2C12 CH3N02 CHzC12 CH2C12/CF3COOH/(CF3C0)20 
Counterion 9 ") C104Q CF3COOe 

Temp. (K) 283 283 213 293 

p= 1,3(t-Bu) 0.006 dl 9 0.007 
2 0.918 0.919 0.920 0.920 
4,6 0.040 0.044r) 0.046c) 0.039 
5 ( t -B~)  0.045 0.044 0.046 0.044 

") 
b, 
") 
d, Splitting unresolved. 
") 

The meaning of Hp is H-C(x), H-C(y), whereas only x and y are given in the Table. 
Experimental error: kO.001 mT for aH ~ , J ( ~ . B ~ ~ .  aH4,h and aH5(t.Bui, and +0.005 mT for aH2. 
Radical cation produced by reaction with AlC13; counterion undetermined. 

Difference between aH4.6 and a ~ 5 ( ~ . ~ ~ ,  not secured by analysis of the spectra. 

The radical cation Il? was prepared by dissolving I1 in a 10: 1 : 1 mixture of rnethylene chloride or 
nitromethane with trifluoroacetic acid and its anhydride, as well as by reaction with aluminium trichlo- 
ride in methylene chloride or nitromethane. Electrolytic oxidation in methylene chloride with tetrabutyl- 
ammonium perchlorate as the supporting salt also yielded I I g ) ,  in confirmation of the report by Johnson 

Both radical ions, IIe and I [@,  formed very readily under allaforementionedconditions and had 
half-lives of the order of hours below 293 K .  Their g-factors were 2.0027 (11° in DME/HMPA at 213 K) 
and 2.0026i0.0001 ( l l ?  in CH2C12 at 273 K). 

[41. 
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The cylindric cells employed in the electrolysis of I1 were those quoted in the previous papers deal- 

The ENDOR. spectra could be observed for the 'chemically', i e . ,  non-electrolytically, produced 

The spectrometer was a Varian- 1700-ENDOR. system linked to a Varian-E9 ESR. instrument. 

Results. - Figure I shows the ESR. and ENDOR. spectra of the radical anion 110 
in MTHF with Na@ as the counterion. In this solvent, the proton coupling constants, 
aHp, markedly depended on the nature of alkali metal cation and on the tempera- 
ture. On the contrary, with the use of more polar solvents, such as DME/HMPA, 
DMF and DMSO, and/or tetraalkylammonium counterions, the corresponding 
values aHp did not exhibit such a dependence. This finding is evident from Table I 
which summarizes the proton hyperfine data observed for 118 under various condi- 
tions. 

The ESR. and ENDOR. spectra of the radical cation 110, produced with A1Cl3 in 
CH2C12 are displayed in Figure 2.  Within the limits of experimental error, the proton 
coupling constants aHp, determined from these spectra, did not differ from those 
obtained upon generation of 119 by other methods. The pertinent data are collected 
in Table 2. 

Comparison of the coupling constants aHp derived in this work with the values 
reported by Johnson [4] reveals deviations which are beyond the range of experi- 
mental error; e.g., the coupling constant aH2=0.920'r0.005 mT found for 119 in 
CH2CI2 at low temperatures (Tabfe 2) is significantly different from the correspond- 
ing value of 0.88 mT quoted by that author. It is reasonable to assume that the 
present data are more precise than the previous ones. 

In some experiments, during the electrolytic reduction of I1 in DMF or DMSO, occurrence of sec- 
ondary and tertiary radical anions was observed, probably due to traces of air and/or protic impurities. 
The two species gave rise to well-defined ESR. spectra. That of the secondary radical anion was readily 
analyzed in terms of the coupling constants, 0.952+0.004 and 0.436rt0.003 mT, each for two equivalent 
protons, and 0.017+0.001 mT for 18 equivalent protons. The tertiary radical anion displayed a hyperfine 
pattern, consistent with the coupling constants, 0.928+0.004 mT for two equivalent protons, 0.374+ 0.003 
mT for a single proton, and 0.013i0.001 rnTf'or 18 equivalent protons. The structures of the two subse- 
quently formed species have not yet been clarified. Merely, the conspicuous small hyperfine splittings 
from 18 protons indicate the presence of two equivalent t-butyl substituents. 

Discussion. - General remarks. The simplest MO model of pentalene (I) is an 
eight-membered z-perimeter which is perturbed by the introduction of a cross-link 
between two opposite centres. The first order perturbation removes the degeneracy 
of the two non-bonding perimeter orbitals in such way that the one classified as 
symmetric (Ys) with respect to the mirror plane m passing through these centers 
becomes bonding, whereas its antisymmetric counterpart (YA) retains the non- 
bonding character (Fig. 3). Since Ys and YA turn into the HOMO and LUMO, re- 
spectively, of I, this compound is expected to have a moderately sized ionization 
potential [7], along with a very high electron affinity [8]. The ease of formation ob- 
served for both radical ions of the alkyl derivative I1 (see exper. part) is thus readily 
understood when, additionally, one accounts for the substituent effect of the three t -  
butyl groups. This effect considerably lowers the ionization potential (7.1 1 eV, from 
the PE. spectrum of I1 [7]) without excessively impairing the electron affinity (half- 
wave Ell2 of - 1.46 V vs. SCE from the polarographic reduction of I1 [4]). 

ing with the electrolytic reduction [5] and oxidation [6 ] .  

radical ions in the temperature range from 163 to 273 K. 
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Fig.3. Non-bonding orbitals of the eight-membered n-perimeter and removal of their degeneracy by the 
introduction . f a  bond linking two opposite centres. The areas of the circles are proportional to the squares 

of the LCAO-coefficients. Blank and shaded areas symbolize different signs of these coefficients. 

Table 3. n-Spinpopu,lationspi,") andproton coupling constants. aHilb) in mTc), calculatedforthe radicalions of 
penialene ( I )  and its I ,  3,j-tri-t-butyl derivative (11) 

10 

Pi! 

___.____ 

aH, _-__ 
/1=1.3 +0.307 -0.737 

2 - 0.072 + 0.174 
4,6 +0.307 -0.737 
5 - 0.072 + 0.174 
3a,6a -0.041 

10 

PP atlo _- 
- 0.038 + 0.105 
+ 0.339 - 0.947 
- 0.038 + 0.105 
+ 0.339 - 0.947 
+ 0.237 ~ 

110 

p, 
+ 0.343 
- 0.076 
+ 0.262 

__- 

- 0.068 
- 0.033 

110 

Z'Hp P p  a b  
(0.017)d) - 0.038 (0.005)d 

+0.182 +0.334 -0,935 
- 0.629 - 0.022 + 0.061 

(0.003)d) + 0.338 (0.047)d 
- + 0.224 

") 
b, 

c, 

Calculated according to the procedure of McLachlan (A= 1.0). 
The meaning of Hp is H-C(x), H-C(y), whereas only x and y are given in the Table. 
Obtained from the calculated values pp with the use of the McConnell equation where Q= - 2.4 (radical 
anions) and - 2.8 mT (radical cations). 

d, Obtained from the calculated values pi, with the use of relationship (2) where 1 QI.Bu 1 = 0.05 (118) and 
0.14 mT (110). 

n-Spin distribution. Table 3 contains the n-spin populations p,l calculated for the 
radical ions of pentalene (I) and its 1,3,5-tri-t-butyl derivative (11) by the 
McLachfan procedure (I.= 1.0) [9], whereby, in the case of 110 and 110, a value of 
ri-0.3P was adopted for the HMO parameter a,, of the f-butyl substituted centres 
p =  1,3 and 5. Also listed are the predicted coupling constants, aHp, of the ring pro- 
tons in the four radical ions. They resulted from the n-spin populations pJL with the 
use of the McConnelI equation [lo] 

a ~ / ~  = Q PIC (1 )  

where Q= - 2.4 and - 2.8 mT for the radical anions and cations, respectively. As is 
evident from the comparison of these values I aHIII obtained for IIQ and 110 with 
their observed counterparts (Tables 1 and 2), a fair agreement is achieved between 
the theory and experiment. This agreement gives some credit to the simple MO 
model which predicts that the n-spin distributions should not be greatly altered on 
passing from IG" and I0 to 110 and II?, respectively. According to such prediction, 
the hyperfine data, aH2 and aH4,6, found for the radical anion and cation of the 
1,3,5-tri-t-butylpentalene (II), are representative for the experimentally unavailable 
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coupling constants of the corresponding protons in the radical ions of the parent 
compound (I) itself. 

It is noteworthy that the coupling constants aH&-Bu) of the t-butyl protons in II? 
and 110 appear to be roughly proportionalto the n-spin populations p ,  at the substi- 
tuted centres p. The proportionality factors 1 Q t - B u )  in such a relationship 

~ H ~ U - B ~ ) =  Q~-B"P~[  (2 ) 

amount to ca. 0.05 mT for the radical anion and ca. 0.14 mT for the radical cation. 
These values are somewhat lower and higher, respectively, than those proposed for 
t-butyl protons in derivatives of the neutral anilino and phenoxy radicals (0.08 to 
0.1 1 mT) [ l  11. A general use of eq. (2) has, however, been discouraged by some 
authors [12]. 

Dependence of the coupling constants on experimental conditions, The coupling 
constants a,, for the radical anions of non-alternant hydrocarbons have been found 
to be much more sensitive to variations in solvent, counterion and temperature than 
the corresponding values for alternant species [13]. The best known examples are the 
radical anions of azulene [ 131 [ 141 and acenaphthylene [ 131 [ 151 to which, according 
to the present studies, 119 can also be added. For 119, as well as for those two radical 
anions, the phenomenon responsible for this sensitivity must be the association with 
the counterion. Such a statement is supported by the data in Table I which demon- 
strate that the coupling constants become almost independent of experimental con- 
ditions when polar solvents and/or bulky tetraalkylammonium cations are involved, 
i.e., when ion pairing is loose. The same arguments can be advanced in the case of 
II" to account for the relative insensitivity of the coupling constants aH, to changes 
in environment and temperature (Table 2), since IIQ, as the radical cations in gen- 
eral, is produced under conditions where its association with the counterion is weak. 

Bond alternation. Quantum chemical models predict that the 4n n-electron perimeter of pentalene 
(I) should exhibit alternating essential double and single bonds ([7] and ref. therein). This prediction has 
been borne out by experiment for the 1,3,5-tri-t-butyl derivative (11) in solid state with the use of the 
X-ray crystallography (161. Furthermore, an interconversion between the two Kekulk structures I1 and 11' 
has recently been found by 0 th  & Miillen to take place in solution ( c j  footnote 20 in [7]). 

The activation energy for the bond shift occurring in such an interconversion amounts to ca. 16 kJ/ 
mol, as estimated from the 13C-NMR. spectra of I1 at 93 K. An analogous study should be practicable at 
considerably higher temperature in the ESR. and ENDOR. spectra of the radical ions I10 and 113, since 
the hyperfine time-scale (lo6 to lo8 s-I) is, in the case of such low barriers, more favourable than that of 
the 13C chemical shift (102 to lo3 s-I). The radical anion IIQ seems to be particularly well suited for the 
studies of the phenomenon in question, because of the large magnitude of the coupling constants aH4.6 
(= aH-C(d),H-c(6)) observed for the two protons which are non-equivalent in I1 and 11'. However, the 
ESR. and ENDOR. spectra of I l e  in MTHF taken above 163 K failed to reveal specific line-broadening 
which could be attributed to this non-equivalency. Neither was such an effect observed by extending the 
temperature range for the ESR. studies down to 133 K through the use of diethyl ether as the solvent. 



2980 HELVETICA CHIMICA ACTA - Vol. 61. Fasc. 8 (1978) - Nr.  281 

Presumably, bond alternation is less pronounced in the radical anion IT9 than in the neutral compound 
I1 and/or the activation energy for the bond shift is lower in the former case than in the latter. This 
statement should also hold for the radical cation IIB with respect to 11, since it is in line with the inter- 
mediate positions of'the radical ions between the neutral compounds and diions. Although 112" and I12@ 
have not yet been prepared [4], NMR. studies of the pentalene dianion (I2e) 181, the cyclooctatetraene 
dianion [ 171 and several methyl substituted cyclooctatetraene dications [18] indicate the absence of bond 
alternation in the (4n+ 2) n-electron perimeters of these species. 
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