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261. The Radical Anion of 2,7-Diazapyrene, 
a Change in Orbital Sequence on Protonation 

by Jiirg Bruhin and Fabian Gerson 
Physikalisch-Chemisches Institut der Universitat Basel. Klingelbergstrasse 80, 4056 Basel 

(11. IX. 75) 

Summavy. ESR.-spectra are reported for the radical anion I - 8 of 2,7-diazapyrene (I), along 
with those for the radical cations I(2H) - @ and I(2CH3) - @ of 2.7-dihydro-2,7-diazapyrenc and 
its 2,7-dimethyl-derivative, respectively. In  contrast to the analogous radical ions of 4,4'-bi- 
pyridyl (11) and other previously studied diazaaromatic compounds, there is a striking change in 
the 14N and proton coupling constants on going from the radical anion I - 0 to the radical cations 
I(2H) - @ and I(2CHa) - @. This change can be rationalized in terms of the HMO model of the 
pyrens n-system. A reversal in the energy sequence of the lowest antibonding orbitals is predicted 
upon an increase in the absolute value of the Coulomb integral for the azasubstituted n-centrcs, 
such an increase simulating the enhanced electronegativity of the azanitrogen atoms 2 and 7 on 
protonation. 

Several azaaromatic compounds are known to form dipvotonated radical anions 
when reduced chemically or electrolytically in acidic medium [1-5], Such paramag- 
netic species bear an overall positive charge and will therefore be denoted in this 
paper as radical cations of the corresponding dihydroazaaromatic compounds or more 
briefly as radical cations. They have been thus far produced from compounds 
containing two azanitrogen atoms in 1,4-positions of one benzene ring (pyrazine, 
s-tetrazine, quinoxaline and phenazine) or in 4,4'-positions of a biphenyl n-system 
(4,4'-bipyridyl). If one ignores the further splittings from the two additional protons, 
the ESR.-spectra of the dihydro radical cations display hyperfine structures similar 
to those of the corresponding unprotonated radical anions. This result, which points 
to essentially the same nodal properties of the singly occupied orbitals, is not unex- 
pected, since protonation of the azanitrogen lone pairs leaves the numbers of n-elec- 

? 1' 

I I1 
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trons and n-centres unchanged, and its main effect is an increase in the electronega- 
tivity of the heteroatom involved. Although such an increase alters the orbital 
energies, the sequence of the levels in the relevant lowest antibonding region is 
preserved for all the azaaromatic msystems mentioned above. That this situation 
need not be encountered in every case is demonstrated below. 

In the present paper, ESR.-studies are reported of the radical ions produced 
from 2,7-diazapyrene (I). These ions comprise the radical anion 1.0, as well as the 
dihydro radical cation I(2H) -Q and its N,N'-dimethyl-derivative I(2CH3) me. The 
physico-chemical properties of I(ZCH3) AB have been previously studied by Hiinig 
et al. [6]1) who compared them with those of the well-known bipyridyl analogue 

Experimental Part. - 2,7-Diazapyrene (I) [9] was a generous gift of Prof. W. Jenny. Ciba- 
Geigy SA, Basel. Protonation of I in 70 percent perchloric acid converted it into 1(2H)*@ZC104~. 
whereas its alkylation by methyl iodide led to 1(2CH3)2@2 Je. 

11 ( 2 ~ ~ 3 )  .@ [s] . 

B 
I(2H)20 

I(2H). 0 2  

The radical anion I - 0 was produced by reaction of 2.7-diazapyrene (I) with potassium in 
1,Z-dimethoxyethane (DME). An analogous treatmcnt of the dications I(2H)Ze and 1(2CHs)z@ 
with zinc in methanol or 80 percent acetic acid resulted in formation of the respective radical 
cations I (2H)  - @ and I(2CH3) @. The stability of I - 8 and I(2CHs) * @ was much superior to 
that of 1(2 H) * @. Thus the two former radical ions were also readily generated by an electrolytic 
reduction of I and 1(2 CH3)2@, respectively, in N, N-dimethylformarnide (DMF) with tetraethyl- 
ammonium-perchlorate as supporting salt. On the other hand, no measurable concentration of 
I(2H) - @ could be detcctcd by ESR.-spectroscopy upon an electrolysis of I(2H)ae under the 
same conditions. When the voItage was raised considerably above the value appropriate for such 
a rcduction process [4], the ESR.-spectrum of the radical anion I - e appearcd with a concom- 
mitant evolution of a gas in the sample tube. The obvious overall reaction 1(2 H)zQ + 3 eQ+ I - 8 + Hz 
could not be prevented by the presence of small amounts of perchloric acid added to the solution 
of 1(2H)z@ in DMF. 

Results. - Radical Anion I.Q. The ESR.-spectrum of I - e  in DME (counter-ion: 
Ke) is shown in Fig. 1. Its relatively simple hyperfine pattern arises from the coupling 
constants (in Gauss2)) 

a~2 ,7  = 1.57 f 0.01; a~1,3,6,8 = 5.05 f 0.03; and a~4,5,9,10 = 2.15 & 0.01. . . - .. ____ 
1) The ESR.-spectra of thc radical ions I * and I(ZCH3) - @ have also been taken at  the Irasta- 

tut fiir Ovganische Chemie der UnisersitUi! Wiirzburg [7]. Although the authors [7b] could not 
complctcly analyse the hyperfine structure of I(ZCH3) - e, they independently arrived at  
somc of thc conclusions drawn by us in the discussion. 
1 Gauss = 10-4 Tesla. 2) 



2424 HELVETICA CBIMICA ACTA - VoI. 58, Fasc. 8 (1975) - Nr. 261 

7 

aH4,5,9,10 
5 

I GAUSS ' 
aH 1,3,6,8 

Fig. 1. ESR.-s$ectrum of the radical anion I .  0. Solvent: DME; counter-ion: K@; temp.: - 40'. 

Assignment of the aHP values to two sets of four equivalent protons in the posi- 
tions ,LA = 1,3,6,8 and 4,5,9,10 is made by analogy with the corresponding ESR.-data 
for the radical anion of pyrene (111) [lo]. Almost the same coupling constants as 
those given above are obtained from the ESR.-spectrum of 1.0 generated electro- 
lytically in DMF [counter-ion : (CzH5)4N@)]. 

Radical Cations 1(2H) -@ and I(ZCH3) -@. Fig. 2 and 3 display the ESR.-spectra of 
I(2H) -@ and I(ZCH3) -@ formed upon reduction with zinc in methanol. The computer- 
simulated derivative curves, also reproduced in Fig. 2 and 3 below the respective 
spectra, have been plotted with the use of the following coupling constants (in 
Gauss2)) : 

I(2H) -@: a ~ 2 , 7  = 4.04 f 0.03; a ~ 2 , 7  (two NH protons) = 4.52 f 0.03; 

I(2CH3)-@: a ~ 2 , 7  = 4.70 & 0.03; a ~ 2 , 7  (six NCHs protons) = 4.39 & 0.03; 

For both radical cations, the assignment of the aHp values to the two sets of four 
equivalent protons in the positions / A  = 1,3,6,8 and 4,5,9,10 is based on MO models 
presented in the discussion. It is noteworthy that the ratios a~z,7/a~z,7,  which are 
4.04/4.52 = 0.89 for I(2H) -@ and 4.70/4.39 = 1.07 for I(ZCH3) -@, compare favourably 
with the ratios of analogous coupling constants reported in the literature. Such 
ratios amount to 0.91 & 0.04 for aromatic radical cations containing YH groups 
[2] [4] or NHa substituents [ll], and to 1.06 f 0.04 for those having correspondingly 
NCHs groups [12] or N(CH3)z substituents [13]. 

Only slight deviations from the coupling constants aNp and aHp listed above are 
found in the ESR.-spectra taken of the two radical cations under different conditions, 
i.e., for I(2H) -@ and I(2CH3) -@ in 80 percent acetic acid, as well as for I(2CH3) -0 

generated electrolytically in DMF (see Experimental Part). However, a distinct 

a~1,3,6,8 = 1.93 f 0.01 and a~4,5,9,10 = 0.41 f 0.01. 

a~1,3,6,8 = 1.83 f 0.01 and a~4,5,9,10 = 0.40 & 0.01. 
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t---l ' 1 aH1,3,6,8 

- 
2,7 

5 ' GAUSS 
' 

Fig. 2. ESR.-spectva of #he radical cation I ( 2 H )  - @. Top: Experimental spcctrum. Solvent: meth- 
anol; temp. : + 25". Bottom: Computer-simulatcd spectrum. Coupling constants givcn in the 

text; line-width : 0.05 Gauss; linc-shape : Lorcntzian. 

line-width effect is observed in the spectrum of I(2H) -0 at  room temperature when 
methanol is replaced as solvent by 80 percent acetic acid. 

This effect consists in a specific line-broadening on the wings relativc to the centrc of the 
spectrum, and, in addition, on thc high- relative to the low-field sidc. Such a broadening is known 
to arise from an apprcciable 14N hypcrfine anisotropy combined with g anisotropy [14]. Ac- 
cordingly, the line-widths ( A  H in Gauss) under consideration could bc computer-simulated with 
the aid of the equation 

wherc A = 0.09 f 0.01; B = - 0.017 f 0.003 and C = 0.032 & 0.003. The magnctic quantum 
numbers MI = 0, f 1 and & 2, which refer to the pair of equivalcnt 14N nuclei in 1(2 H) - Q, must 

A H  = A + Rnx, + cnq (1) 
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be positive and negative on the low- and high-field side of the spectrum, respectively. This as- 
signment accounts for the observed differences in the line-widths on the two sides. It is also 
consistent with a positive sign of the n-spin populations at  the nitrogen centres and therewith 
of the coupling constant Q N Z , ~  [14] [15]. 

Fig. 3. ESR.-spectvu of the vudicul cation I(2CH3) - @. Top: Experimental spectrum. Solvent: 
methanol; temp. : + 5". Bottom: Computer-simulated spectrum. Coupling constants given in 

the text; line-width: 0.08 Gauss; line-shape: Lorentzian. 

Discussion. - Fig. 4 summarizes the 14N and proton coupling constants (aNt 
and aHP) for two series of radical ions which possess the n-topologies of pyrene (111) 
and biphenyl (IV), respectively. The pyrene series consists of 111.0 [lo], followed by 
its iso-melectronic diaza-derivatives 1.0, I(2H) .Q and I(ZCH3) -8 [this work], while 
the biphenyl series analogously embraces 1V.e [16], along with its diaza-derivatives 
11.0 [17], II(2H)sQ [4] and II(2CHa) a j121. The members of each series differ in the 
electronegativity of the azasubstituted centres which are 2 and 7 in 111, or 4 and 4' 
in IV, the two latter corresponding to 1 and 1' in I1 (cf. the pertinent formulas). The 
electronegativity of these two centresincreases in the sequences I11 *a < 1.8 < I(2H) LD 

w I(2CH3) .@ and IV.8 < 11.0 < II(2H) a @  rn II(2CH3) a @ .  

Comparison of the a N p  and aHP values in the biphenyl series supports the state- 
ment (made in the introduction) that the n-spin populations are similar throughout 
the whole sequence of the four radical ions. In contrast, consideration of the cor- 
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8 x 8 8  H f”3 

\ 2.68 2.35 1.45 \ 1.33 
4 ’ ~  0.39 N/ 0.43 0 1.61 / 1.57 

139 3.64 y3.56 14.23 
H 4.06 CH) 3.99 

nr.0 n.0 I[(2H)*@ XI(2CH3).@ 
Fig. 4. 14N and proton coupling constants for radical ions in the pyrene [111 - e, I - e, I(2H) * @, 

I(ZCH3) . $3 and biphenyl series [IV e e ,  I1 - e, I(2H) * a, I(2CHa) * @I. For XI(2CHa) - @ our as- 
signment of the aHp values of 1.57 and 1.33 Gauss is opposite to that suggested originally [12]. 

responding data in the pyrene series indicates that a striking change occurs in the 
n-spin distribution on passing from the radical anions 1II.Q and 1.Q to the radical 
cations I(2H) -@ and I(2CHs) -@. As a matter of fact, the values a ~ 2 , 7  for I(2H) .@ and 
I(2CHs) -@, while vastly different from that for I .  8, strongly resemble the correspond- 
ing 14N coupling constants for II(2H) -@ and II(2CHs) *@. These experimental findings 
are readily rationalized by means of a simple HMO model. 

The two lowest antibonding HMO’s of pyrene (111) are depicted in Fig. 5 ,  together 
with the corresponding HMO’s of biphenyl (IV). They have been classified as sym- 
metric (ys) or antisymmetric (y~) with respect to the mirror planes (m) which are 
perpendicular to the molecular plane and pass through the centres 2 and 7 (111) or 4 
and 4‘ (IV). Fig. 5 also displays the energy sequence of ys and T ~ A  in two n-systems: 
ys above PA in 111 (Es = a - 0.8798; EA = a- 0.4458) and ys below YA in IV (Es = 
a - 0.7058; EA = a - 8 ) 3 ) .  

An increase in the electronegativity of the centres 2 and 7 (111) or 4 and 4’ (IV) 
strongly stabilises the HMO’s ys by an amount of energy which - to the first order 
approximation - is given as 

dEs = (c& + c&)da = 2&da 

dEs = ( c E ~  + &’)da = 2&da 

(2) 

(3) 
or 

respectively, where csz = cs7 = 0.424 (111) or cs4 = cs4’ -- 0.398 (IV) denote the perti- 
nent LCAO coefficients, and da stands for the change in the Codomb integral of 
3) The HMO model of IV exhibits two accidentally degenerate orbitals with the energy EA = a+. 

Both of them, WA (which is depicted in Fig. 5) and YA‘ are antisymmetric with respect to the 
mirror plane m. 
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I 
n 

U 

+s I % I 
Fig. 5. The two lowest antibonding HMO’s (QIS and QIA) of pyrene (111) and biphenyl (IV). The radii 
of the circles are proportional to the absolutc values of the LCAO coefficicnts. Blank and dotted 
areas symbolise diffcrcnt signs. The levels on thc right indicatc thc energy scqucncc of ys and 
QIA in 111 and IV. The arrows mark the orbital occupancy in thc corresponding radical anions 

I11 - Q and IV - Q. 

the two centres under consideration. On the other hand, no substantial lowering in 
energy arises from such an increase for the antisymmetric HMO’s YA, since CAZ = cA7 
(111) and CA4f = C g 4  (IV) vanish, and hence dEA = 0, to the first approximation.4) 

As ys lies below y~ in IV, the difference EA - Es (= - 0.2958) is enlarged when the 
centres 4 and 4’ are made more electronegative; however, the energy sequence of 
y~ and YA is preserved. On the contrary, since y~ is placed above YA in 111, the gay 
Es - EA (= - 0.434b) is reduced by an increase in elcctronegativity of tlic correspond- 
ing centres 2 and 7; the energy sequence of ys and YA can thus be rcvcrsxl, provided 
that such an increase is sufficiently large. The HMO models allow the following 
predictions to be made : 

1. In the biphenyl series, the singly occupied orbital of all four radical ions, 
IV.@, I1 -0, II(2H) and II(ZCH3) -0 should resemble the symmetric HMO ys of IV. 

2. In the pyrene series, a change in the shape of thc singly occupied orbital must 
be envisaged while procccding along the scquenceIII.@ < I*@ < I(2H) -8 M I(ZCH3).@ 
of increasing electroiiegativity. Such a change would imply a replaccment of an 

4) In the case of IV, thc samc holds for the antisymmetric HMO QIA’ which in thc model of IV 
is accidentally degeneratc with YA (see footnote 3); thus for QIA‘, too: cA’4 = CA’4‘ = 0 and 
~EI. = 0. 
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orbital with the nodal properties of the antisymmetric HMO YA of 111 by the one 
resembling the symmetric HMO ys of this n-system. 

Both predictions have been ampiy confirmed by experiment, as can be readily 
verified by inspection of Fig. 4 and 5. It is obvious that the hyperfine data for all 
four radical ions in the biphenyl series are consistent with the single occupancy of 
a ys-like orbitals). 

The change in the symmetry of the singly occupied orbital predicted for the 
pyrene series is clearly borne out by the striking difference in the coupling constants 
for 1II.Q and 1.0, on one hand, and those for I(2H).@ and 1(2CH3)-(D on the other. 
The ESR.-data establish that the relevant orbitals in the two radical anions and the 
two radical cations are of the YA- and ys-type] respectively. Moreover, the similarity 
in the coupling constants, which has been noted for the corresponding radical cations 
in the two series, nicely reflects the almost identical nodal properties of the sym- 
metric HXO’s ys of pyrene and biphenyl (Fig. 5). 

The reversal in the sequence of ys and YA in the pyrene series can be assessed 
“more quantitatively” if the energies E = cc + x of the two HMO’s are plotted vs. 
the change dcc = lip in the Coulomb integral of the centres 2 and 7. As evident from 
Fig. 6, ys becomes equal in energy to at h = 0.434/[2(0.424)2] m 1.21 when the 
first order approximation formula (2) is used, or at  h M 1.45 when the HMO matrices 
are diagonalized for every value of h. This rcsult is very reasonable, since either value 
for the crossing point of ys and PA lies between the h ranges characteristic of an 
unprotonated (0.5 < hfi < 1.0) and a protonated nitrogen center (1.5 < h& < 2.0) 
[18]. 

The assignment of the proton coupling constants a~:1,3,6,8 and aH4,5,9,10 for the 
radical cations I(2H) -0 and I(ZCH3) -0 has been based on the n-spin distribution 
resulting from the single occupancy of the HMO ys. Since - irrespective of the choice 
of the parameter 11 - the n-spin populations are predicted to be higher at the centres 
1,3,6,8 than at  4,5,9,10, the larger aHil values have b2en assigned to the protons in 
the former, and the smaller ones to those in thc latter positions. 

A final comment conccrns thc line-width effcct obscrved for I(2H) * @ in 80 pcrcent acetic 
at + 25”. As such an cffcct is promoted by a substantial 14N hyperfine anisotropy and a long 
rotational correlation timc, i t  has been encountered, in gcneral, with large 1% coupling constants 
(asp w 10 Gauss) and/or bulky radicals in rathcr viscous solvents. In  the caw of I(2H) * Q, the 
a ~ 2 , 7  value (4.04 Gauss) is not particularly large; neither has the radical cation a considerable 
size. Although thc viscosity of 80 percent acctic acid at + 25” (1.5 f 0.2 c P ) )  [19a] is estimatcd 
to bc ca. 3 times as high as that of the alternativc solvcnt methanol (0.55 cP) [19b], it is by no 
mcans excessive. Typically, the dimethyl-dcrivativc 1(2 CH3) . @, which posscsscs both a larger 
coupling constant a ~ 2 . 7  (4.70 Gauss) and a greater sizc than I(2H) . @, docs not exhibit a com- 
parably marked line-width cffcct when its ESR.-spcctrum is taken under the same conditions. 
It may be thus assumcd that specific solute-solvent interactions play an important role for 
I(2H) . * in 80 perccnt acetic acid. Such interactions as, e.g.. momentary )N-H---O=CO \ 

5) It should be stated a t  this point that  the behaviour of the HMO’s vy~ and ~,UA in thc biphenyl 
series is characteristic also of other n-systems rcpresenting the azaaromatic compounds 
previously stuclicd which yield both radical anions and dihydro radical cations (pyrazine, 
s-tetrazine, quinoxalinc: and phenazinc) [1]-[5:. Sincc the lowest antibonding HMO’s in thesc 
n-systems exhibit relativcly largc coefficients a t  thc azasubstitutcd mccntrcs, thcy are more 
strongly stabilizcd by an increase in the clcctronegativity of such ccntrcs than the next 
highcr lying HMO’s of different symmetry. 
1 CP (Centipoise) = 10-3 kgm-1 sec-1. 

~ 

0) 
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0 
h-  

Fig.6. HMO energies [x = (E  - a)//?] of $yrene (111) vs. the change in the Coulomb integral (h = d@) 
of the centres 2 and 7. The dashed line results from the use of equation (2). 

hydrogen bonds, can considerably increase the rotational correlation time and thus contribute 
to the line-width in the ESR.-spectra. 
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262. The Radical Ions of Benzo[b]biphenylene, 
a Test for HMO Models of Biphenylene and its Derivatives 

by Fabian Gersonl), William B. Martin, jr.l)*), Franz Sondheimera) 
and Henry N. C. Wong3) 

Physikalisch-Chemisches Institut der Universitat Basel, Klingelbergstrasse 80, 4056 Basel, 
Switzerland 

and Department of Chemistry, University College Londan, 20 Gordon Street, 
London WClH OA J, United Kingdom 

(26. IX. 75) 
Szcmmary. ESR.-spectra are reported for the radical anion and the radical cation of benzo[b]- 

biphenylene (111). Comparison of the proton coupling constants (aHp) for 111 * 8 and 111 @ with 
n-spin populations (eJ, calculated by the McLachlun procedure, permits a lower limit of 0.77 
to be set for the parameter k = p’/p where p’ represcnts a reduced value of the HMO integral for 
the two essentially single bonds linking the benzene with the naphthalene n-system. The dif- 
ferences in the aHp values for I11 * 0 and 111 - @ are substantially larger than those generally 
found for the two corresponding radical ions of alternant, purely benzenoid hydrocarbons, but 
they closely parallel the analogous differences observed for the radical anion and the radical 
cation of biphenylene. 

Biphenylene (I) and binaphthylene (11) are usually regarded as weakly coupled 
benzenoid n-systems rather than as derivatives of cyclobutadiene. Such an approach 
is supported by both theory [l] and X-ray structure analysis [2] which indicate that 
the two bonds linking the benzene or naphthalene n-systems are essentially single. The 
latter statement also applies to the radical ions of I and 11, although the double bond 
character of the two linkages (4a4b and 8a-8b in I or 5a-5b and l la-l lb in 11) is 
expected to be enhanced in these ions relative to the respective neutral compounds. 
It may thus be anticipated that - in order to achieve agreement with experiment - 
the HMO treatment of the radical ions of I and I1 would require a reduced bond 
integral for the linkages in question. Such a reduced integral will henceforth be 
denoted /?‘ = k/l where B is the standard value and the parameter k < 1. In principle, 
it should be possible to estimate k by comparing the known proton coupling constants 
(aR,) for the radical ions I-@, 1 . e  and II-e [3-51 (see also Appendix) with the theoret- 
ical n-spin populations (e,). Such a comparison is, however, rather inconclusive with 
respect to k,  because the ,or values calculated for the radical ions of I and 11, either 
in the HMO or McLuchZusc [6] approximation, are not very sensitive to variation of k 
in the range between 1.0 and 0.5. 

It will be shown in the present paper that an analogous comparison is more 
informative in the case of the radical ions of benzo[b]binaphthylene (111) where the 
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