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Po la rograph ic  data on the reduct ion of acr id ine  (1) and its 9-chloro  ('I1), 2 -me thoxy -9 -ch lo ro  
(HI), 4 - -methoxy,9-chloro  (IV), 2 - m e t h y l - 9 - c h l o r o  (V), 4 - m e t h y l - 9 - c h l o r o  (VI), 2 ,9 -d ich loro  
(VID, and 4 ,9-d ich loro  (VIII) de r iva t ives  and a m e c h a n i s m  for  the reduct ion a r e  presented .  In 
d ime thy l fo rmamide  (DMF) the polarographic  reduct ion of acr id ine  I t akes  place in' two s teps  
with par t ic ipat ion  of one e lec t ron  in each s tep  and the in te rmedia te  fo rmat ion  of an anion r a d i -  
cal.  Acr id ine  I I  is r educed  in four  s teps :  The  second and: fourth waves  c o r r e s p o n d  to the r e d u c -  
tion of the he te ro r ing ,  while the f i r s t  and th i rd  waves  a r e  a s soc ia t ed  with detachment  of a 
chlor ine atom. The addition of phenol as  a proton donor fac i l i ta tes  the reduct ion but does not 
affect  the number  of  e lec t rons  consumed by the depo la r i ze r  dur ing its reduction.  A l inear  co r -  
re la t ion  between El/2 and the co r respond ing  0- constants  of  quinoline is obse rved  for  acr id ines  
H, HI, V, and VII; this  made  it poss ib le  to ca lcu la te  the p rev ious ly  unknown ~ constants  for  
ac r id ines  that contain a subst i tuent  in the 4 posit ion. The El/21 values  fo r  ac r id ine  I I  and i ts  
de r iva t ives  c o r r e l a t e  with the r a t e  constants  for chemica l  dehalogenation. 

The f i r s t  paper s  devoted to the polarographic  s tudy of ac r id ines  w e r e  published a r e l a t i ve ly  long t ime  ago 
and deal with the e l ec t rochemica l  reduct ion of these  subs tances  in pro ton-conta in ing  media  (aqueous buffer  and 
aqueous alcohol solutions}; it was es tab l i shed  that acr id ine  under these  conditions is r educed  in two s teps  
fo rming  two one -e l ec t ron  t he rmodynamica l l y  i r r e v e r s i b l e  waves  on the p o l a r o g r a m s  [1-3]. However ,  other  
authors  have shown that  the m e c h a n i s m  of the po la rographic  reduct ion of acr id ine  in aqueous solutions depends 
on the pH of the med ium and that the reduct ion  may  take place both in two one -e l ec t ron  s teps ,  which c o r r e -  
sponds to two waves  of  identical  height on the p o l a r o g r a m ,  and in one i r r e v e r s i b l e  s tep  [4--8]. The r e su l t s  of 
a s tudy of the e l ec t rochemica l  reduct ion  of acr id ine  der iva t ives  in ace ta te  (pH 4.48) and ammon ia  (pH 9.25) buf- 
fer  solut ions in 96% alcohol made  it poss ib le  to only approx ima te ly  e s t ima te  the number  of e lec t rons  that p a r -  
t ic ipate  in the reduct ion of these  compounds [9], 

New poss ib i l i t i es  for  the s tudy of the m e c h a n i s m  of po la rographic  reduct ion of the examined compounds 
have been developed by  the use  of apro t ie  solvents  such as ,  for  example ,  d ime thy l fo rmamide  (DMF) [10]. How- 
ever ,  a number  of  d i sc repanc ies  in the r e s u l t s  have been observed .  Thus it has  been found in par t i cu la r  that 
acr id ine  f o r m s  one two-e lec t ron  wave during reduct ion  in the p r e s e n c e  of 5% wate r  in DMF [11], whereas  the 
data in [1-3] const i tute  evidence for  the p r e s e n c e  of two waves  on the p o l a r o g r a m  even in aqueous solutions.  
The e l ec t rochemica l  r eac t iv i t i e s  of  subst i tuted ac r id ines  have not been adequate ly  studied. 

Thus the c u r r e n t l y  avai lab le  informat ion on the polarographic  reduct ion of ac r id ines  is incomplete  in a 
number  of c a se s  and s o m e t i m e s  is a l so  cont radic tory .  In this connection, we undertook a s tudy of the examined 
s e r i e s  of compounds:  acr id ine  and 9 -ch lo roacr id ine  and its der iva t ives .  

We se lec ted  DMF, which has  sufficient  inert  c h a r a c t e r  with r e s p e c t  to e l ec t rochemica l  r eac t ion  on the 
cathode and with r e s p e c t  to the products ,  as the solvent;  this  makes  it poss ib le  to a r r i v e  at a r e l i ab le  in te r -  
pre ta t ion  of the po la rographic  data. In o rde r  to a s c e r t a i n  the na ture  and sequence of the s teps  in the e lec t rode  
p r o c e s s  we examined the effect  of  an ext raneous  proton donor (PhOH and H20) on the morphology of the po la ro -  
g r a m s  of ac r id ines .  The depo la r ize r  concentra t ion ranged  f r o m  2 . 4 . 10  -4 to 2 �9 10 -3 M. 
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Fig. 1. P o l a r o g r a m s  of acr id ine  (I) and 9-ch loroacr id ine  (2) in a 0.05 M N(C~-Is)4I 
ba se  e lec t ro ly te  in DMF. 

Fig. 2. Dependence of the ha l f -wave  potent ials  of the f i r s t  wave (El/21) on the a con- 
s tants  of the subst i tuents  in the 2 posit ion of 9 -ch loroacr id ine  der iva t ives  in DMF: 
1) OCH3; 2) CH3; 3) H; 4) C1; e)  in the  absence  of phenol; O) in the p resence  of phenol. 

TABLE 1. El/2 Values of Some 4--Substi- 
tuted Der iva t ives  and cr Constants of Sub- 
st i tuents in the 9-Chloroacr id ine  vlolecule 

Compound - E,~, V* o 

9-Chloroacridinc 
4,9 -Dichloroacridine 
4-Met hyl-9-chloroacridine 
4-Methoxy-9-chloroacri- 

d ine 

1,32 
1,18 
1,36 
1,37 

0 
0,172 

- 0,070 
-- 0,092 

* Rela t ive  to a sa tu ra ted  ca lomel  e lect rode.  

Under the desc r ibed  conditions acr id ine  f o r m s  two waves  with E1/2=-1 .53  V and E1/2=-1 .97  V of identi- 
cal  heights.  The l inear  c h a r a c t e r  of the i l i m - C  and i l i m - H H g  1/2 dependences const i tu tes  evidence for the dif- 
fusion nature  of the indicated waves.  The number  of e lec t rons  consumed by  the acr id ine  molecule  during reduc-  
tion under the examined conditions calcula ted f r o m  the Ilkovie equation is c lose  to unity for each wave.*  The 

2 .3RT/hF  coeff ic ient  de te rmined  f r o m  the log i / id  - i vs E graph is 0.057-0.066, which, when n= 1, co r responds  to 

r e v e r s i b l e  reduct ion of acr id ine  in apro t ic  media.  

A polarographic  study in the p r e s e n c e  of phenol showed that at low phenol quanti t ies (1.96.10 .3 m o l e /  
l i ter)  acr id ine  (2" 10 -3 mo le / l i t e r )  f o r m s  th ree  waves;  in this case  a new wave at l e ss  negat ive potentials  (El/2 = 
-1 .27  V) and two waves  at app rox ima te ly  the s a m e  potent ials  (E1/~=yl .46  V and E1 /2=-1 .94  V) a r e  formed.  
When the amount of phenol is inc reased ,  an i nc rea se  in the height of the f i r s t  wave and a dec r ea se  in the height 
of the wave with E t / 2 = - 1 . 9 4  V a r e  observed.  When l a rge  amounts  of phenol (5.66 �9 10 .3 m o l e / l i t e r  or  g rea te r )  
a r e  added, the wave with E1 /~=-1 .94  V vanishes  comple te ly ,  and two waves  with E1/2=-1 .23  V and -1 .49  V 

with approx ima te ly  identical  heights r e m a i n  on the po l a rog ram.  The  R T / n F  coefficient  calcula ted f r o m  the graph 

of the dependence of log iA d -  i on E fo r  the s a m e  band is 0.050- 0.063, which v i r tua l ly  coincides with the theore t i -  

cal  value for a one -e l ec t ron  r e v e r s i b l e  p roces s .  In this  case  the total  number  of e lec t rons  consumed by the de- 
po la r i ze r  molecule  dur ing its reduct ion found f r o m  the Ilkovic equation is two. One 's  attention should be  di- 
r e c t e d  to the fact that the height of the wave formed at l e ss  negat ive potentials  is approx imate ly  equal to the 
height of the second reduct ion wave of reduct ion  of acr id ine  in the absence  of phenol. 

The wave with El/2 = -  1.27 V in the p r e s ence  of phenol evidently co r re sponds  to reduct ion of the complex 
produced due to the fo rmat ion  of an in te rmoleeu la r  hydrogen bond. The f r ee  pair  of e lec t rons  of the ni t rogen 

�9 To ca lcula te  the diffusion coeff icient  of acr id ine  in the Ilkovic equation we used the tabular  value of the diffu- 
sion coeff icient  of  naphthalene in methanol  [12]. The calculat ion was made f r o m  the fo rmula  Dt/D2=4-'~2/4-~l 
with allowance for  the v i s cos i t y  of  the medium.  
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a tom in this  ca se  (apparent ly  as in the ca se  of quinoline) is s i tuated in the or thogonal  plane with r e s p e c t  to the 
molecu la r  7r cloud and does not pa r t i c ipa te  in conjugation with it. In this  connection, it r e ad i l y  undergoes  c o m -  
plexing of the in te rmolecu la r  hydrogen-bond type [14]. The re su l t ing  complex  undergoes reduct ion m o r e  eas i ly  
than acr id ine  i t se l f  due to a d e c r e a s e  in the e lec t ron  densi ty  on the r eac t i on  center  (the C = N -  group). 

On the other hand, one might  have a s s u m e d  that  phenol protonates  the acr id ine  molecu le  (at the ni t rogen 
atom).  In th is  ca se  a posi t ive  cha rge  should appear  on the depo la r ize r  molecule .  However ,  when phenol is 
added to  a solution of acr id ine  in the absence  of a b a s e  e lec t ro ly te ,  changes in the height of the wave a r e  not 
obse rved ,  as one should have expected s ince  the development  of  a pos i t ive  cha rge  on the depola r ize r  molecule  
should lead to the appea rance  of a posi t ive  migra t ion  component  of the cu r r en t . *  In addition, the s lopes  of the 
dependence of El/2 on e for  9 -ch loroacr id ine  der iva t ives ,  which we examined in the absence  of phenol and in 
i ts  p re sence ,  r e m a i n  identical ,  which a lso  conf i rms  the fact  that the f r e e  pa i r  of e lec t rons  of the ni t rogen a tom 
does not par t i c ipa te  in t r a n s m i s s i o n  of the e lec t ronic  effect of the subst i tuents .  The fo rmat ion  of the complex  
is r e v e r s i b l e  and depends on the amount of phenol. Thus the following m e c h a n i s m s  for  the reduct ion of acr id ine  
on a dropping m e r c u r y  e lec t rode  m a y  be proposed.  

In the absence  of phenol: 

~ m  --'A..--r 

In the p r e s e n c e  of phenol: 

H 

e- 

H--OAr H 

(0 

(2) 

When phenol is absent ,  ac r id ine  i t se l f  is r educed  to an anion r ad i ca l  at an E1/~ value co r respond ing  to the 
reduct ion of the complex  of the anion r ad i ca l  with phenol. When phenol is absent ,  faci l i ta t ion of the reduct ion 
of the acr id ine  anion r ad i ca l  does not occur .  

This  s c h e m e  is conf i rmed  by our r e s n l t s :  Two one -e l ec t ron  waves a r e  obse rved  when phenol is p resen t  
(Eq. 1), two waves  a r e  a lso  obse rved  in the p r e sence  of l a rge  amounts  of phenol (Eq. 2), and th ree  waves  a r e  
obse rved  at  PhOI-I concentra t ions  in te rmedia te  between the f i r s t  two ca se s .  

9 -Chloroacr id ine  f o r m s  four waves  in anhydrous DMF in a 0.05 m o l e / l i t e r  N(C2H~)4I b a s e  e lec t ro ly te .  

T h e s e  waves  a l so  have  diffusion na ture( l inear  dependences of ill m on C and ill m on HHgl/~}. The RT/nF coef-  

f icient  de te rmined  f r o m  the log i A d - i v s E  graph is 0.075, 0.078, 0.089, and 0.068 for  the f i r s t ,  second,  third,  

and four th  waves ,  r e spec t ive ly ;  this indicates deviation f r o m  the r e v e r s i b i l i t y  of the reduct ion p roce s s  in these  

c a s e s .  

The number  of e lec t rons  expended in the reduct ion of the 9 -ch loroacr id ine  molecule  and calcula ted  f r o m  
the ]lkovic equation is four .  T It is known f r o m  the l i t e r a t u r e  data that  two e lec t rons  a r e  consumed in the c l eav -  
age of the c a r b o n - h a l o g e n  bond during its reduct ion [15-18]. Consider ing  this fact ,  in our case  it m a y  evidently 
be  a s s u m e d  that the r e m a i n i n g  two e lec t rons  a r e  r equ i r ed  for  the reduct ion of the he te ror ing .  

The r e su l t s  show that when sma l l  amounts  of phenol (1.96" 10 -3 mo le / l i t e r )  a r e  added, 9 -ch loroacr id ine  
at  a concentra t ion of 2.0" 10 -8 m o l e / l i t e r  f o r m s  five waves ,  as c o m p a r e d  with four waves  at a phenol concen t ra -  
tion of 3.85" 10 -8 m o l e / l i t e r  and only th ree  waves  at a phenol concentra t ion  of 5 .66 .10  -~ m o l e / l i t e r  or  higher  
concentra t ions .  As in the case  of acr id ine ,  when phenol is p resen t ,  a wave is fo rmed  at l e s s  negat ive  potentials  
(E1/~=- l .14)  , and the f i r s t  four waves  a r e  found at m o r e  posi t ive  potent ials  (El/21 = -1 . 32 ,  E1/22=-1.53 V, 
E1/2~=-1.83 V, and E 1 / 4 = - 1 . 9 8  V). When the phenol concentra t ion  is inc reased ,  one obse rve s  an i nc rea se  in 
thYe waves  with E+/21=-1.32 V and E1/22=-1.53 V and a dec r ea se  in the heights  of the waves with E1/2~=-1.83 V 
and E 1 24 = - 1  98 ~ At higher pheno~concent ra t ions  the waves  with Ell2 s=- 1.83 V and El/~ 4 = - 1 . 9 8  V vanish  / - . 

*When a s t ronge r  acid than phenol (benzoic acid) is added, this effect  is observed .  Protonation of acr id ine  is 
obse rved  under the indicated conditions.  
~The diffusion coeff icient  of  9 -ch lo roaer id ine  was ca lcu la ted  as  in the ca se  of acr id ine  (see above). 
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comple te ly ,  and the th ree  waves  with E1/2=-1 .14  V, -1 .31  V, a n d - 1 . 5 1  V remain ;  the la t ter  two waves have 
v i r tua l ly  identical  heights .  The development of a wave with E1 /2=-1 .14  V evidently also co r re sponds  to the 
format ion ,  due to a hydrogen bond, of a complex that is r educed  m o r e  eas i ly  than 9-ch loroacr id ine  itself.  

Thus the second and fourth waves  obtained on the p o l a r o g r a m  of 9 -ch loroacr id ine  (Fig. 1), which have 
ha l f -wave  potent ials  that a r e  v e r y  c lose  to the E1/~ values  for ac r id ine ,  co r r e spond  to reduct ion of the a c r i -  
dine he te ror ing ,  while the f i r s t  and thi rd  waves  a r e  waves  of reduct ion of the C - C 1  bond in the 9 - c h l o r o a c r i -  
dine molecule .  

It may  be a s s um ed  that 9 -ch loroacr id ine  is r educed  on a dropping m e r c u r y  e lec t rode  via  the following 
scheme.  

In the absence  of phenol: 

C! 

In the p r e s e n c e  of phenol: 

El H 

e -  e-- 
(4)  

H --OAr H--OAr H--OAr 

~ ' J / ~  ~ H - -  II H 

-+11~ + Cl- +g H N 

H--OAr ~1 --OAr 

When a sma l l  amount (0.55 mole / l i t e r )  of water  (as a proton donor) is added, a wave develops at a s m a l l e r  
negat ive  potential  (E1 /~=- l . 17  V), and all of the waves a r e  found at m o r e  posi t ive  potentials  as compa red  with 
those obtained in the absence  of water  (E1/21=-1.29 V, E1/22=-1.44 V, E t /23=-1 .64  V, and Ei /24=-1 .77  V). 
When the amount of water  is increased ,  one obse rves  an i nc rea se  in the height of the wave at E1/2=-1 .17  V and 
a d e c r e a s e  in the height of the waves  at E1/23=-1.64 V and E1/24=-1.77 V. When l a rge  amounts (4.12 m o l e s /  
l i ter)  a r e  added, the waves  with E1/2=-1.64 and -1 .77  V vanish  comple te ly ,  and th ree  waves with E 1 / z = - l . 1 6 ,  
- 1 . 3 1 ,  and - 1 . 4 4  V r e m a i n  on the ch rom a t og ram.  Thus these  data a r e  in ag reemen t  with the data obtained in 
exper imen t s  with the addition of phenol. 

To study the effect of subst i tuents  on the reduct ion of 9 -ch loroacr id ine  we invest igated 2- and 4 -me thoxy-  
methy l -  and ch lo ro -9 -ch lo roac r id ines .  It is apparent  f r o m  the Et/2 values  of the chloro  de r iva t ives  that the 
introduction of a chlor ine  a tom in the molecule  fac i l i ta tes  the reduct ion of the depo la r i ze r ,  whereas  the CH 3 
and OCH s der iva t ives  a r e  reduced  at m o r e  negat ive  potentials .  

For the co r r e l a t i on  of the E1/~ values  with the Hammet t  constants  of the subst i tuents  in the 2 posit ion for  
the f i r s t  wave of 9 -ch loroacr id ine  der iva t ives  in DMF we used the a constants  for  quinoline [19], s ince the c o r -  
re la t ion  coeff icient  for  benzene (0.937) is lower than for  quinoline (0.993) in the case  of the use  of Hammet t  
constants .  A d i rec t  co r re l a t ion  between the a values  of the quinoline s e r i e s  and the El/2 values  was obse rved  
in the case  of subst i tuents  in the 2 posit ion. F r o m  this  l inear  dependence we also calcula ted the (r constants  
for  the subst i tuents  in the 4 posit ion of the 9 -ch loroacr id ine  molecule ,  which have not been p resen ted  in the 
l i t e r a tu r e  (see Table  1). 

It should be noted that the El/2 values  found for  the f i r s t  wave of subst i tuted 9 -ch loroacr id ines  c o r r e l a t e  
with the logar i thms  of the r a t e  constants  for  dehalogenation of these compounds (r = 0.94). This  fact  once again 
conf i rms  the c o r r e c t n e s s  of the above m e c h a n i s m  for  the e l ec t rochemica l  reduct ion,  the f i r s t  s tep of which is 
detachment  of a chlor ide  ion. 

E X P E R I M E N T A L  

The polarographic  m e a s u r e m e n t s  were  made with an LP-7  r eco rd ing  e lec t ronic  polarograph.  The capi l -  
l a r y  used in the r e s e a r c h  had the following c h a r a c t e r i s t i c s :  m = 2 . 2 6  m g / s e c  and ~ =4 sec (in the absence  of a 
polar iza t ion  potential  at H =20.3 cm). The acr id ine  was r e e r y s t a l l i z e d  f r o m  aqueous alcohol solutions.  9- 
Chloroacr id ine  and its de r iva t ives  w e r e  synthes ized  by  the methods in [20-25] and r e c r y s t a l l i z e d  p r io r  to 
achieving the mel t ing  points co r respond ing  to the l i t e r a tu r e  data. The DMF was vacuum dist i l led af ter  drying 
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with anhydrous magnesium sulfate for several days. Phenol, the concentration of which ranged from 1.96" 10 .3 
and 1.67" 10 .2 mole/ l i ter ,  and water, the concentration of which ranged from 0.55 to 5.00 moles/ l i ter ,  were 
selected as the proton donors. The dissolved oxygen was removed by bubbling a stream of dry hydrogen 
through the solutions for 10-15 rain. 
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