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Reactions of Radical Anions. Part X1V.l An Electron Spin Resonance 
Study of the Radical Anions of 9,9'-Azophenanthrene and 9,9'-Azoanthra- 
cene 
By A lwyn G. Evans,* Jeffrey C. Evans, and Peter J. Pomery, University College, Cardiff, P.O. Box 78, Cardiff 

The effect of temperature on the disproportionation equilibrium of the radical anions of 9,9'-azophenanthrene and 
9.9'-azoanthracene in tetrahydrofuran, with various alkali metals as gegenions, has been determined by measure- 
ment of the radical-anion concentration a t  different temperatures, using electron spin resonance spectroscopy. 
The e.s.r. spectra were also obtained and analysed for these radical anions and the splitting constants assigned, 
using simple Huckel and McLachlan molecular orbital theory. 

\VE have previously studied the disproportionation of 
the radical anions of azobenzene, naphthalene-l-azo- 
benzene, 1 ,l'-azonaphthalene, and 2,2'-azonaphthalene 
in tetrahydrofuran as solvent with Li+, Na+ 9 ,  K +  Kb+, 
and Csi as gegenion. The e.s.r. spectra were analysed 
and the various splitting constants assigned, using a 
simple Huckel molecular orbital theory. 

In this paper the work has been extended to an e.s.r. 
study of tetrahydrofuran solutions of the radical anions 
of 9,9 '-azophenan tlirene and 9,9'-azoanthracene, using 
Li -, Na", K', Rb+, and Cs+ as gegenions. 

The complicated e.s.r. spectra were analysed on a 
JEOL R.A.1 spectrum accumulator and the splitting 
constants were assigned by using simple Hiiclcel and 
McLachlan molecular orbital theory. The dispro- 
portionation equilibria of these radical anions were 
esamined and tlie thermodynamic constants determined. 

EXPERIRIENTAI. 

MntevinZs.-9, S'-.~zopl~exiantlirene was preparcd by the 
method of STystron and B r o ~ n , ~  in which O-nitroplien- 
anthrene (prepared by the method of Schmidt and Strobel 4, 

xms reduced and coupled using LiAIH, at -80 "C. The 
9,O'-azophenanthrene was purified by passage tlirough an 
activated alumina column using light petroleum (b.p. 
40-60') as solvent, recrystallisation from the same solvent, 
and drying in D ~ C Z L O ,  n1.p. 269 "C (lit.,4 270 "C). 

-\zoanthracene was prepared and purified similarly, to 
give violet crystals, m.p. 345 "C (lit.,5 347 "C). 

Tetrahydrofuran (THF) (13.1l.H.) was purified and dried 
as previously describecL29 Lithium, sodium, potassium, 
rubidium, and cacsium metals (H.D.H.) were purified and 
transformed into mirrors as described earlier.'? 

1'vocedure.---Solu tions of 9,Y-azoanthracene or 9,9'-azo- 
plienanthrene in 'L'HF were made and passed over thc 
appropriate alkali metal film under high vacuum using 
techniques previously The concentration of 
gegenion was determined by flame photometry. Thc 
concentration of radical anion was determined as previ- 
ously 2*6y on a Hilger-Watts Microspin e.s.r. spectrometer 
u-hicli had a facility for cloublc integration. This spectro- 
meter was fitted with a Varian temperature control which 
was used over a temperature range 4-20 to -80 "C. 
*\nalysis was done from e.s.r. spectra using a Varian E3 
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spectrometer fitted with a temperature control. Simulated 
e.s.r. spectra were obtained using a JEOL R . A . l  spectrum 
accumulator. 

RESULTS AND DISCUSSION 

Dianions .-9,9 ' - A zophenant hrene. When a solution 
of 9,9'-azophenanthrene in THF (3-87 x mol 1-l) 
was in prolonged contact with a metal film, a purple 
solution developed with sodium, potassium, and caesium 
and a dark brown solution with lithium. These solutions 
had an [alkali metal] : [9,9'-azophenanthrene] ratio of 
2 :  1 and no e.s.r. spectra showing that the solutions 
contained only the dianions. The optical absorptions 
and extinction coefficients are given in Table 1. On 
addition of air or water the THF solutions gave the 

TABLE 1 
Optical absorptions and extinction coefficients of radical 

anions and dianions at room temperature 

Dianion Radical anion 
Azo-compound Gegenion l.max./nm 10% ~ , ,~ . /n rn  10-4c 

I,i+ 460 0.17 424 1.22 
Na+ 518 0.17 430 1.92 

9,g'-l\zophennnthrcne K+ 532 0.12 432  1.58 
Rb+ 535 0.08 434 2.05 
CS+ 540 0.11 437 3.28 
LiI- - - - - 
Na+ 716 0.10 370 2.6 

Rbt 721 0.09 390 12.1 
9,9'-,lzoanthracene K+ 718 0.12 388 10.2 

CS+ 723 0.11 394 13.4 

i 
original azophenaiithrene identified by t .l.c., u.v., and 
i.r. spectra, and the appropriate alkali metal hydroxide. 

9,9'-Azonntlzracenc. When a solution of 9,9'-azo- 
anthracene in THF (3.52 x mol 1-I> was in contact 
with a metal film for ca. 30 min a purple solution de- 
veloped with sodium, potassium, rubidium, and caesium. 
These solutions had an [alkali metal] : [9,9'-azoanthra- 
cene] ratio of 2 : 1 and no e.s.r. spectra showing that the 
solutions contained only the dianions. The optical 
absorptions and extinction coefficients are given in 
Table 1. Treatment of the dianion system with air or 
water gave only the azoanthracene, identified by t.1.c. 
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and U.V. and i.r. spectra, and the appropriate alkali 
metal hydroxide. 

Xo dianion solution was obtained when lithium metal 
was used. On prolonged contact of a T H F  solution of 
azoanthracene with a lithium film, a bright blue solution 
was obtained which had an e.s.r. spectrum identical with 
that of the anthracene radical anion. 

Radical Anions.-9,9'-Axoplaenanth.rene. The radical 
anions were formed by brief contact of T H F  solutions of 
azophenanthrene (3.97 x mol 1-l) with the various 
alkali metals. The solutions were green-brown and had 
an e.s.r. absorption which changed reversibly in intensity 
with change in temperature. Highly resolved e.s.r. 
spectra were difficult to obtain and because of the many 
lines expected, analysis of the spectra could not be done 
with any degree of certainty. S o  gegenion splitting 
could be assigned even on comparing the spectra of the 
electrolytically reduced solutions (using tetraphenyl- 
ammonium iodide as supporting electrolyte in dimethyl- 
formamide as solvent) with those obtained from the 
metal film. The splitting constants are shown in 
Table 2, and were arrived a t  and assigned 

TABLE 2 
9,9'-Azophenanthrene 
2 8  

with the help 

2 2  u 2 0  
21 12 

Molecular orbital parameters 
c(N = CIC -+ (0.76 + l.l8)Pcc, 6 = 0.25 
PNN = l.1Pcc 
PCN = pcc 
a2 = ac 4- v c c  8 = -0.2 

Observed 
Huckel McLachlan Observed splitting 

a18 = NC + Vcc 1 
spin spin spin constant at 

Position density density density 0 "C (mT) 
2, 18 0.1565 0.2375 0.142 a 0.354 
4, 20 0.0428 0.0677 0.044 a 0.110 

6, 22 0.0384 0-0524 0.044 a 0.110 

11, 27 0-04 12 0.0439 0.044 a 0.110 

13, 29 0.0455 0.0570 0.044 a 0.110 

5, 81 0.0069 - 0.0152 

7, 23 0.01 19 - 0.0037 0.013 a -0.033 
10, 26 0.01 12 - 0.0010 0.013 a -0.033 

12, 28 0,0064 - 0.0123 

(K) 15, 16 0.2100 0.2595 0-209 0.440 
a Calculated using Q = 2.5 mT. 6 Calculated using Q = 

2.11 mT. 

of Huckel MO Theory. The optical results and ex- 
tinction coefficients are given in Table 1. Treatment of 
the system with air or water gave only the neutral azo- 
compound, identified by t.1.c. and U.V. and i.r. spectra, 
and the corresponding alkali metal hydroxide. 

9,9'-Axoanthracene. Similar results were obtained 
when a THF solution of 9,9'-azoanthracene (3.52 x 
mol 1-l) was brought into contact with a sodium, potas- 
sium, rubidium, or caesium metal film for a short time. 

The solutions were red-brown and had e.s.r. absorption. 
A change of temperature caused the intensity of the e.s.r. 
spectra to  change and this change was reversible. I t  
was difficult to obtain good e.s.r. spectra for the radical 
anions. The spectra showed alkali metal hyperfine 
splitting, the values of which could be determined by 
comparison of the spectra with those obtained from 
electrochemical reduction of the solution. The splitting 
constants are given in Table 3 and they were assigned by 

TABLE 3 
9,9'-Azoantliracene 

21  28  

24 

22 
13 10 

12 11 
Moiecular orbital parameters 

UX = C(C $- (0.75 + l.lG)Fcc, 6 = 0.25 
PNX = 1.1PCC 
Pcw = pcc 

Observed 
Huckel XlcLachlan Observed splitting 

spin spin spin constant a t  
Position density density density 0 "C (mT) 

3, 19 0.00013 - 0.02595 

5, 21 0.0006 - 0.02439 
4, 20 0.03570 0.04968 0.0380 a 0.095 

6, 22 0.03577 0.05549 0.0380 0.095 
8, 24 0.1428 0.21320 0-148 a 0.370 

10, 26 0.03577 0.05549 0-0380 a 0.095 
11, 27 0.0006 - 0.02439 
12, 28 0.03757 0.04968 0.0380 a 0.095 
13, 29 0.00013 - 0.02596 
(IS) 15, 16 0.1420 0.1864 0.154 0.320 

a Calculated using Q = 2.5 mT. b Calculated using Q = 

Gegenion splitting constants at 0 "C (mT) Naf 0.03, Rb+ 
2.11 mT. 

0.035, CS+ 0.055. 

using the Huckel MO theory. The optical results and 
extinction coefficients are given in Table 1. On opening 
to air or on adding water the neutral azo-compound was 
obtained together with the appropriate alkali metal 
hydroxide. When a T H F  solution of 9,9'-azoanthracene 
was passed over a lithium film there was no build up of 
colour and no e.s.r. signal detected. On prolonged 
standing over the film, however, a bright blue solution 
developed which had an e.s.r. signal identical with that 
of the anthracene radical anion. On exposure to air or 
water the solution yielded anthracene (identified by 
t.1.c. and U.V. and i.r. spectra) and lithium hydroxide. 

Disproportionation Equilibria.-The e.s.r. spectra of 
the radical anion solutions were stable with time and 
the change in their intensity with change of temperature 
was completely reversible. The fact that  after opening 
to air only the original azo-compound could be re- 
covered means that the radical anions do not dimerise. 
Furthermore, in all cases, the system obeyed Beer's Law 
at room temperature over some three-fold dilution, 
confirming that no dimerisation occurs and showing 
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that the ions exist wholly as ion-pairs or as free ions. 
Since the equilibria are affected by the nature of the 
gegenion we assume that the ions exist wholly as ion- 
pairs. The Warhurst type plots of l(rc + 2) against 
G (Y, being the cationic radius) for the radical anions are 
reasonably linear, which means that a t  room tem- 
perature ' contact ' ion-pairs must be involved. This is 
supported in the case of 9,9'-azoanthracene by the 
observation of alkali metal hyperfine splitting in the 
e.s.r. spectra. In these systems, therefore, equilibrium 
(1) exists where R is 9-phenanthryl or 9-anthryl. 

2(RN=NR)-'N+ =$= (RN=NR)2-2M+ + RN=NR (1) 

The disproportionation equilibrium constant 

[(RN=NR)2-2M+][RN=NR] 
[ (RN=NR) -'Mf] 

K 

K =  

can be determined by knowing the total radical-anion 
concentration from e.s.r. measurements, the total 
gegenion concentration from flame photometry, and the 
total azo-compound concentration. The temperature 
dependence of K for various gegenions is shown in 
Figures 1 and 2, and the thermodynamic constants for 
the equilibria are given in Table 4. 

If we assume that the smaller the spin density on the 
nitrogen atom of the radical anion as measured by e.s.r., 
the greater the electron delocalisation by the aromatic 
groups, we see that, as regards electron delocalising 
power, 9,9'-azophenanthrene < 9,9'-azoanthracene. 

3.6 4.0 L.L 4.8 5.2 
( I O - ~ T  / K I- '  

FIGURE 1 Temperature dependence of the disproportionation 
equilibrium constant ( K )  for the radical anion of 9,9'-azo- 
phenanthrene in THF with Li+ (e), Na+ (a), Kf (O), Rb+ (A) ,  
and Cs+ ( x), as gegenion 

The change from 9,9'-azophenanthrene to 9,9'-azo- 
anthracene will not only involve an increase in electron 
delocalisation but also an increase in steric restriction 
around the nitrogen atoms which will operate in both 
the radical anion and in the dianion. Thus it is not 

surprising that the effect on the disproportionation 
equilibrium in changing from 9,9'-azophenanthrene to 
9,9'-azoanthracene is dependent on gegenion. 

( I O - ~ T ~  K I-' 
FIGURE 2 Temperature dependence of the disproportionation 

equilibrium constant ( K )  for the radical anion of 9,9'-azo- 
anthracene in THF with Na+ (u), K+ (O), Rb+ (A), and Cs+ 
( x ) , as gegenion 

For Na+ there is an increase in K involving a greater 
solvation and a greater exothermicity, whereas for K* 
there is an increase in K involving a greater desolvation 
and a greater exothermicity. For Rbf there is also an 
increase in K ,  together with a greater desolvation but a 
greater endothermicity. For Cs+ on the other hand, 
there is a decrease in K involving an increase in desolv- 
ation and an increase in endothermicity. 

In Table 5 we give the values of K ,  AS" and AH" for 
the disproportionation reaction of tetraphenylethylene,6 
2,2'-azonaph t halene, 1 , l  '-azonapht halene ,2 naphtha- 
lene-l-azobenzene,2 azobenzene,2 N-diphenylmethylene- 
aniline,l* 9,9'-azophenanthrene, and 9,9'-azoanthracene, 
with sodium as gegenion a t  0" C. (We have the values 
of I< for tetraphenylethylene and N-diphenylmethylene- 
aniline only in the case of Na+ as gegenion.) In the case 
of the tetraphenylethylene radical anion the equilibrium 
lies well on the dianion side at  room temperature with a 
large value of K ,  and the electron transfer from one 
radical anion to the other is associated with desolvation 
(increase of entropy) and is endothermic. On replacing 
a carbon atom by nitrogen, as in the case of the N -  
diphenylmethyleneaniline radical anion, the opposite 
occurs; the equilibrium lies well on the radical anion 
side at room temperature with a very small value of K 
and the electron transfer from one radical anion to the 
other is associated with an increase in solvation (decrease 
in entropy) and is exothermic. 

H. V. Carter, B. J. McClelland, and E. Warhurst, Trans. 
Faraday SOC., 1960, 56, 455. 

10 -4. G. Evans and J .  C. Evans, J .  Ciienz. SOC. (B) ,  1966, 271. 
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It is possible that the large change froin (Ph2C=CPh,)-' 
Na+ to (Ph,C=NPh)-' Na+ is due to the restrictingeffect of 
the nitrogen atom on the electron distribution throughout 
the radical anion. A study of the azo-compounds, in 
Table 5,  shows that in general as the groups attached to 
the nitrogen atoms increase in delocalising power (as 
shown by the general decrease in splitting constant AN) 
the greater is the value of K and (with the exception of 
azophenanthrene and azoanthracene) , the more positive 
is AS" (increase in solvation) and the more positive is 
AHo (increase in endothermicity). This might be 

x-electron spin densities by the standard methods.ll 
The Hiickel molecular method together with RlcLach- 
lan's l2 SCF approximation (A = 1.2) was used to 
calculate the spin populations which were converted into 
splitting constants by the use of the McConnell l3 

relation, afl = Qp. An average value of IQI = 2.5 mT 
was used when considering the proton splittings and a 
value of 1 Q I  = 2.11 inT l4 wl~en considering the nitrogen 
atoms. 

Good agreement was obtained between the calculated 
and observed splitting constants (Tables 2 and 3) for 

TABLE 4 

Thermodyiia~nic constants for disproportionation equilibria a t  0 "C 
Xzo-compound Gegenion Ir' LGO/lr J mol-1 A.H'/k J mol-1 A S 0 /  J K-l nio1-l 

Li+ 46.6 - 7-30 - 2.42 17.9 
Na+ 10.2 - 5.30 -- 2.38 10.4 

19.1 - 6.69 - 2 . 2 { )  16.1 
86.1 - 10.16 2-88 47.6 

195 -- 11-05 0.58 45.9 

9,9'-~~zopheiianthreiie 

13.0 - 45-97 - 21-3 -55.1 
114 -- 10-74 - 4.89 21.4 
170 -- 11.74 4-47 59.3 
73.3 - 9.73 17.8 101 

9,Y-A z o m  thraccne 

C S  6 

TABLE 5 

'Thci-moclynamic constants for the clisproportioiiation equilibria in THF at 0 'C, with Sa- as gegenion 
Compound AN/n17' I< AG"/kJ mol-l AH"/k J mol-l AS"/  J K-l mol-l 

Tetraphcnylethylenc a 3.8 x 102 - 13.4 -1- 46 1-217 

9,9'-Azophenanthrenc 0.44 10.2 - 5.3 - 2-38 t 10.4 
9,9'-Azoanthracene 0.3 2 13.0 - 5.98 - 21.3 -- 55.2 

2,2'-Azonaphthalcne 0.485 3.8 -- 3.00 -- 2.17 L 19.0 
1, l'-Aizonaphthalene 0.544 2.6 -2.17 _] "'ju ,- 18.1 
Naphthalene- l-azobcnzene 0.53 0.12 -1- 4.80 -- 6.30 -- 40.9 
Xzobenzene 6 0.52 0.10 + 5.40 17.8 - 84.8 
N-Diphenylnicthylencaliiline C 2-02 x 10-3 7- 14.0 - 53.5 247 

SCC ref. 6. See ref. 2. Sce ref. 10. 

expected since, other things being equal, the solvation of 
the dianion will be sterjcally more difficult than for the 
radical anions. 

In the cases of 9,9'-azophenanthrene and 9,9'-azo- 
anthracene, in addition to the large electron delocalis- 
ation effect as shown by the A N  values (Table 5 ) ,  
the steric hindrance of the bulky phenanthrene and 
anthracene groups must be considered. Courtauld 
models of these inolecules show that the steric environ- 
ment of the nitrogen atoms is markedly affected by the 
large phenanthrene and anthracene groups. In addition 
these two systems possess positions of high electron 
density other than the N atom, i.e. positions 8 and 24 in 
azoanthracene (0.370 mT) and 2 and 18 in azophen- 
anthrene (0.354 mT) (the numbering system is shown 
in Tables 2 and 3). It is thereiore not surprising that 
the AH" and A S o  vaIues in these cases are out of sequence 

Theoretical Calculations.-The observed proton hyper- 
fine coupling constants have been related to calculated 

l1 A. Carrington, Quart. Rev., 1963, 17, 67. 
l2 A. D. McLachlan, Mol.  Phys., 1969, 3, 233. 
l3 H. $1. hlcConnel1, J. CJmw Phys., 1956, 24, 764. 

9,9'-azophenanthrene and 9,9'-azoanthracene. In the 
case of 9,9'-azophenanthrene some interaction was 
assumed between atoms at  the 2 and 18 positions. This 
is taken into account in the calculations by varying the 
coulomb integral for the respective carbon atoms at 
these positions, by using ai = a, + 6pco (i = 2 or 18) 
and a value of 6 = -0-2. The molecular orbital para- 
meters used for the nitrogen atoms were similar to those 
used in our previous paper and those used by Atherton 
et aZ.15 in the case of azobenzene, i.6. ax = ac + (0.76 -k 
l.lS)pcc, PCN = PCC, PNN = I-1pcc. A value of 6 = 
+0-25 gave good agreement. 

The experimental results agree better with the Hiickel 
than with the McLaclilan calculated spin densities. 
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