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P O L A R O G R A P H I C  R E D U C T I O N  O F  

2 - ( 4 - P Y R I D Y I , ) I N D A N E - 1 , 3 - D I O N E S  IN D I M E T H Y L F O R M A M I D E  

Y a .  P .  S t r a d y n ' ,  V .  P .  K a d y s h ,  
L .  M. B a i d e r ,  l~. S. L a v r i n o v i c h ,  
a n d  Y u .  l~. F r i d m a n i s  

UDC 543.253 : 547.828 : 543.422.27 

The t rend of the e l ec t r i ca l  reduct ion of i somer i c  2 - (4 -pyr idy l ) indane- l ,3 -d iones  in d imethyl -  
fo rmamide  (DMF) was studied by c lass ica l  and ac polarography,  mi l l icoulometry ,  ESR spec-  
t roscopy,  and cycl ica l  vo l t ampe rome t ry  with a s teady-s ta te  m e r c u r y  e lec t rode .  The f i r s t  
r eve r s ib l e  one -e lec t ron  step leads  to the format ion  of re la t ive ly  stable anion radicals ,  which 
can be r eco rded  by means of ESR spec t roscopy.  The corresponding d imers  a re  detected in 
the course  of prolonged e lec t ro lys i s  at a constant  potential  (at the level of the limiting cu r r en t  
of the f i r s t  wave). The second nonrevers ib le  step in the e lec t r i ca l  reduct ion involves the in- 
dane- l ,3 -d iony l  grouping and the pyr idinium ring. Owing to their  dipolar  s t ruc ture ,  the inves- 
t igated compounds a re  reduced with considerably  g r e a t e r  difficulty (by 400-550 mV) than the 
unsubsti tuted N-methylpyr id in ium salto 

The se t  of chemica l  t rans format ions  in the reduct ion of 2 - (4-pyr idy l ) indane- l ,3 -d iones  (which a re  usua?- 
ly cal led pyrophthalones) has not ye t  been ascer ta ined  [1], despite the fact  that the reduction products  could 
have d ivers i f ied  biological  activity.  

Pyrophthalones  a re  also of in te res t  in the r e spec t  that the i r  molecules  contain two potential ly e lec t r ica l ly  
active f ragments  - the pyr idinium ring and the indane- l ,3-d ionyl  grouping,* which can undergo reduct ion e i ther  
separa te ly  o r  as a unified conjugated sys tem.  In view of the above, within the f r amework  of our  sys temat ic  r e -  
s ea r ch  on the reduct ion of substi tuted pyridinium salts  [3, 4], we also studied the mechanism of the e lec t r i ca l  
reduct ion of pyrophthalone der iva t ives  in o r d e r  to find thei r  quantitative c h a r a c t e r i s t i c s -  the reduct ion poten-  
t ials  fo r  the p r i m a r y  e lec t r i ca l  reduct ion steps.  

In the p r e se n t  r e s e a r c h  we obtained the e lec t rochemica l  cha rac t e r i s t i c s  of Ia-d in nonaqueous media 
(Table 1) by means  of c lass ica l  and ac polarography,  mi l l icoulometry ,  ESR spect roscopy,  and cycl ica l  vo l tam-  
p e r o m e t r y  with a s t eady-s t a t e  m e r c u r y  e lec t rode .  The quaternized compounds were  se lec ted  to avoid the 
fo rmat ion  of catalyt ic  hydrogen waves and the effects  of in t ra-  o r  in te rmolecu la r  protonat ion during e lec t r i ca l  
re  duc tion. 

O O O 

CH~ 0 CH a 

l a  Ib Ic 

* This grouping is more  accura te ly  cal led an indane- l ,3 -d ionide  grouping, since it may be assumed that p y r o -  
phthalones exis t  in the fo rm of betaine s t ruc tu re s  [2]. 
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TABLE 1. Half-Wave Potent ia ls  (E1/fl) and Limit ing  Cur ren t s  
(ili m) fo r  Der iva t ives  of 2 - (4 -Py r idy l ) i ndane - l , 3 -d iones  and 
Compounds Modeling the Two E lec t r i c a l l y  Active Sys tems In-  
cluded in Thei r  Composi t ion in DMF with a 0.1 N Te t rabu ty l -  
ammonium P e r c h l o r a t e  Base  Elec t ro ly te  

Com- 
pound 

[a 

.Ib 

le 

Id 

IIa 
lib 

Ill 
IV 

V 

Name 

1-M~hyl-4- [2'-indane-l,3 -di- 
onid- 2- yl] p~idinium 

1-M ethyl-3-[2'-indane-l,3-di- 
onid- 2- yl]pyridinium 

1- Methyl- 2- f2'-indane- 1,3 -di- 
onid- 2- yl] pyridinium 

l-Benzyl-4-[2'-indane-l,3-di- 
onid- 2-yl]pwidinium 

2-Pheny.hndahe-I 3-dione 
Te~ab~tylammo~um 2-phenyl- 

indane-1,3-dion-2-ide 
1-Methvlpwidinium iodide 
2, 2'-Bis[~-~4 -pyridyl)indane- 1,3- 

dionyl] 
2,2'-B is[2-(3-pyridyl)indane.-1,3- 

dionyl] 

Wave I Wave II 

:VE~I2 �9 i:Am' 

1,79 1,00 

1,64 1,10 

1,68 1,10 

1,74 1,10 

1,23 0,62 

1,22 1,15 
1,01 0,55 

1,09 0,40 

vL: i/2, [~rl]i 

2,24 1,75 

2,36 2,10 

2,34 2,40 

2,22 1,70 

2,24 0,97 
2,27 1,15 

~0 070 
2,27 O,45 

Wave HI 

VEI/~, ilim, 
uA 

_v,751 o;o 
2,81[ 0,30 

TABLE 2r. Calculat ion of the Number  of Elec t rons  
by Means of Control lable--Potential  E lec t ro lys i s  
fo r  the F i r s t  (n 1) and Overa l l  (n~) Waves 

Compound[ n, I -.E,,V nz -EZ.V 

la ] 1,91 ] 2,0 5,78 2,75 
]b 1,18 1,9 2,71 2,60 
1c 0,93 1,75 2,99 2,60 

o o f ~ - ~ / - - - ~ . N  : . - .  i . .~ ,,, 

0 0 0 

Id lla lib 

o ~_~ o i ~  
I|1 IV V 

Somewhat s i m p l e r  compounds (IIa,b and III) that model  the individual f r agmen t s  of the I a -d  molecu les  and the 
cor responding  d im er s  (IV, V) were  also additionally invest igated under identical  exper imenta l  conditions. 

It is apparen t  f r o m  a compar i son  of the ill m and El/2 values  (Table 1) that ib-d  give two and Ia gives  
three  w e l l - e x p r e s s e d  waves  On the i r  c l a s s i c a l ' p o l a r o g r a m s ,  and the height of the second wave exceeds  the 
height of the f i r s t  wave by, on the average ,  a f ac to r  of two (Fig. 1, curve  a). The d i rec t  propor t iona l i ty  of the 
ill m values  of both waves  to the square  root  of the height of the m e r c u r y  column const i tu tes  evidence for  the 
diffusion c h a r a c t e r  of both waves .  

The resu l t s  of the mi l l i cou lomet r ic  m e a s u r e m e n t s  a re  p resen ted  in Table 2. The higher  number  of e lec-  
t rons  (n} expended in the reduction of Ia as compa red  with ]b and Ic is due to the fact  that the e l ec t ro lys i s  at  a 
control lable  potent ial  fo r  the calculat ion of the overa l l  n value was c a r r i e d  out at the potential  of the pla teau of 
the l imiting cu r r en t  of the third wave,  whe reas  e lec t ro lys i s  was c a r r i e d  out at the level  of the second wave fo r  
Ib and Ic, i .e.,  for  Ia, in which conjugation is maximal ly  expressed ,  one of the s teps  of subsequent  reduct ion of 
the rad ica l  to dihydropyridine and indanonol, which we do not note in the case  of Ib and Ic, is recorded .  
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R e v e r s i b i l i t y  

/ 
li,c. , , 1 A bA ] 

: : 0 , 8  

Ot d " " 0 2 

- - -  

-1,1 -1 ,3 -115 - 1 , 7  - 1 , 9  ~,~ 2,1 I I _ I ~ ~ Z  , 
Ep 4 ,0  8 , 0  12pO 1,5t0 

Fig. 1 Fig. 2 

Fig.  1. Po la rograph ic  curves  of 1 - m e t h y l - 4 - [ 2 , - i n d a n e - l , 3 - d i o n i d - 2 - y l ] -  
pyridinium in DMF with a 0.1 N te t rabutylammonium perchlora te  base 
e lec t ro lyte  (depolar izer  concentrat ion 5 �9 10 -4 mo le / l i t e r ) :  a) dc; b) ac; 
c) base e lectrolyte .  

Fig. 2. Dependence of the magnitude of the alternating cu r ren t  on the f r e -  
quency for  the f i r s t  (1) and second (2) waves of 1 - m e t h y l - 4 - [ 2 ' - i n d a n e - l , 3 -  
dionid-2-yl]pyr idinium in DMF with a 0.1 N te t rabutylammonium perchlo-  
rate base  e lect rolyte  (depolarizer  concentrat ion 5 �9 10 -4 mole / l i t e r ) .  

o f  t h e  E l e c t r o c h e m i c a l  R e d u c t i o n  a n d  A d s o r p t i o n  o f  C o m p o u n d s  o n  

t h e  E l e c t r o d e  

Two peaks corresponding to the waves on the c lass ica l  po la rograms  are  observed  on the Bre i e r  ac po-  
l a r o g r a m s  of Ia-d. The peak of the f i r s t  wave is symmet r i ca l  re la t ive to the potential of the peak (En), and 
the E n value coincides with El/2, and the width of thehalf-peak (En/2) is 88 mV; this is in conformity with a 
s t r ic t ly  r eve r s ib le  p roce s s  (Fig. 1, curve c). 

The E n value of the f i r s t  wave is shifted slightly (by ~ 15 mV) f rom the frequency of the ac voltage to 
m o r e  posit ive potentials,  and its height changes l inearly with the frequency (Fig. 2); this also indicates r e -  
vers ibi l i ty  of the f i r s t  wave. The resul ts  of ac polarography relative to the second wave (Fig. 2) provide 
unambiguous evidence for  i r revers ib i l i ty  of this wave. 

A peak corresponding to the third wave shows up for  Ia when E n = --2.58 V; however, the height of this 
peak is a lmost  one-tenth of the height of the f i r s t  peak, and En/2 is 115 mY; this constitutes evidence for  i r r e -  
vers ibi l i ty  of this wave. 

Neither  an increase  nor  a decrease  in the principal  cu r ren t  is noticeable in the presence  of the investi-  
gated compounds, i.e., the levels of the ac po la rog rams  in the range of potentials p r io r  to the onset  of reduc-  
tion and af ter  it coincide with the level of the cu r ren t  of the base e lect rolyte  over  the same range of poten- 
tials {Fig. 1, curve c). According to Bre ie r  [5], this consti tutes evidence for  the absence of absorption on the 
e lec t rode of both the s tar t ing depola r izer  and its reduction products .  The dielectr ic  constant  of DMF is, of 
course ,  lower than that of water ,  and the regular i ty  may therefore  be expressed  to a l e s se r  extent in DMF so-  
lutions. The d i rec t  proport ional i ty  of the heights of both concentrat ion waves of the substances over  a broad 
range of concentrat ions also at tests  to the absence of appreciable adsorption effects.  

Two cathode peaks (A and B), the E n values of which cor respond  to the El/2 values of the waves on the 
c lass ica l  po la rograms ,  a re  observed on the cycl ical  po la rograms  (Fig. 3) of I obtained with a suspended m e r -  
cury  drop at potentials f rom --0.3 to - 2 . 7  V at a polar izat ion rate of 1 V / s e c .  

In addition to the two above-ment ioned peaks on the cycl ical  vo l t amperograms  at -0 .62  V, peak C ap- 
pea r s  at - 0 . 6 8  V in the case  of cathode polarizat ion.  Both peaks increase  with time, and whereas  peak C 
shows up in the f i r s t  cycle,  peak D shows up in the subsequent cycles  and is a consequence of the development 
of peak C. Peaks C and D appear  only if the e lec t rochemica l  react ion goes to completion, i.e., polar izat ion 
occurs  in the interval - 0 . 3  to - 2 . 7  V. However, the C and D peaks are  not observed when only the f i r s t  wave 
of e lec t rochemica l  reduction is recorded  (Fig. 3, curve 1). Peak C evidently cor responds  to oxidation of the 
product  of the final e lec t rochemica l  reaction,  and peak D cor responds  to the subsequent reduction of the oxi- 
dized product.  

The addition of proton donors has a substantial effect on the reduction of Ia-d. Thus when phenol is 
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E, V 

Fig. 3 

1,35 

Fig. 4 

Fig. 3. Vol tamperometr ic  cu r r en t -po t en t i a l  curves  for  1- 
methy l -2-  [2 ' - indane- l ,3-d ionid-2-y l ]pyr id in ium recorded  
with a suspended m ercu ry  drop in DMF with a 0.1 N te t ra -  
butylammonium perchlora te  base e lectrolyte  at a po la r i ze r  
interval of 5 �9 10 TM m o l e / l i t e r  and a scanning rate  of 1 V / e m .  
Polar izat ion range:  1) f rom - 0 . 5  to - 2 . 0  V; 2) f rom - 0 . 5  
to - 2 . 7  V. 

Fig. 4. ESR spec t ra  of the anion radical  of 1 - m e t h y l - 4 - [ 2 ' -  
indane- l ,3-dionid-2-yl ]pyr id inium recorded  in DMF with a 
0.1 N tetrabutylammonium perchlora te  base electrolyte  at a 
sal t  concentrat ion of 2 ~ 10 -3 m o l e / l i t e r .  

added, the height of the f i r s t  wave remains  pract ica l ly  unchanged, whereas  the second wave increases  sharply.  
The E1/2 values of the f i r s t  wave change only slightly, whereas  those of the second wave are  shifted by 60 mV 
to the positive side in the case of Ic as the phenol concentrat ion in the solution is increased to 5 �9 10 -3 m o l e /  
l i ter.  

P r o d u c t s  o f  O n e - E l e c t r o n  T r a n s f e r  

The ESR spec t ra  recorded  under the conditions of e lec t rochemica l  generat ion of radicals  at the poten- 
tials of the plateau of the limiting cur ren t  of the f i r s t  wave for  Ia-c  and of the corresponding pyrophthalones 
(without a methyl group attached to the pyridinium nitrogen atom) prove the formation of f ree  anion radicals ,  
during the e lect r ical  reduction, that are  sufficiently stable for  recording by ESR spectroscopy.  The hyperfine 
s t ructure  (hfs) of the ESR spect ra  consis ts  of a t r iplet  with an intensity ratio of the individual components of 
1 : 2 : 1 and an hfs constant of 2.6 Oe, whence it follows that the unpaired e lectron is localized p r imar i ly  in the 
5 and 6 positions of the indanedionyl portion, as in 2-phenyl indane- l ,3-dione semidiones [6]. It was concluded 
f rom a compar ison of the polarographic  data and the hfs of the ESR spect rum that the f i r s t  step in the e lec t ro-  
chemical  reduction involves the entire conjugated sys tem as a whole with the formation of a relat ively stable 
f ree  radical .  

We were  able to observe  splitting on the atoms of the pyridinium ring only in the case  of the e lect r ical  
reduction of Ia (Fig. 4) and the corresponding pyrophthalone. The hfs constants are  small  (~ 0.2 Oe). Un- 
fortunately,  analysis of the hfs of the ESR spect ra  does not make it possible to sufficiently rel iably assign this 
constant to the nitrogen atom or  to the protons in the ~ position of the pyridinium ring. Under the exper imen-  
tal conditions without low- tempera ture  stabilization we also did not observe  a substantial difference in the 
stabilit ies of the anion radicals  obtained during the e lec t r ica l  reduction of Ia-c  (as well as of the cor respond-  
ing anion radicals  obtained in the reduction of the unmethylated analogs). 

It is important  to note that i n the  case of control lable-potential  e lec t ro lys is  (CPE) of Ia -c  an additional 
wave with a more  positive El/2 value (--0.75 V for  Ia, - 1 . 1 9  V for  11o, and - 0 . 7 9  V for  Ic) appears;  this wave 
falls rapidly with time (30 min after  CPE, it vanishes completely).  The wave reappears  upon resumption of 
CPE (without the addition of a new portion of the compound), i.e., it is a consequence of reduction of the 
product  of a chemical  reaction. We assumed that it shows up as a resul t  of cleavage of the C - C  bond in the 
d imers  formed as a resul t  of dimerizat ion of the anion radicals  af ter  the f i r s t  step in the e lec t rochemical  r e -  
duction of the investigated compounds. 
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The reductive cleavage of the C - C  bond in diphenyl indane-l ,3-diones (at sufficiently positive potentials) 
was demonst ra ted  in [7]. In our  case  the El/2 values of the additional waves that appear  as CPE is ca r r i ed  
out are  r a the r  c lose to the El/2 values of the f i r s t  wave of model d imer ic  compounds IV and V (Table 1); this 
conf i rms the assumption of the format ion of d imers  and, consequently, anion radicals  as intermediates  in the 
e lec t r ica l  reduction. 

As seen f rom Table 1, the half-wave potentials of the second wave of Ia-d coincide sa t is factor i ly  with 
the half-wave potentials of lib and the second wave of IIa, which in DMF exists par t ia l ly  in the anionic fo rm [7]. 
The subsequent reduction of the result ing anion radical  evidently involves the indanedione fragment ,  and in this 
case  the p roces s  takes place with p r i o r  protonation of the anion radical ,  as indicated by the pronounced effect  
of the addition of a proton donor on the c h a r a c t e r  of the second wave, and the e lec t rochemica l  reduction c o r -  
responding to the second wave of the investigated compounds is consequently in agreement  with the mechanism 
of the e lec t r ica l  reduction of the enolate anions of 2-phenyl indane- l ,3-d ione  and leads  to anions with a diene- 
diol s t ruc ture  [8]. 

The validity of this conclusion is conf i rmed by the p resence  on the cylical  po la rograms  of both the inves-  
tigated compounds and IIa of anode peak C at ~ - 0 . 6  V, which shows up as a consequence of oxidation of the 
products  with a dienediol s t ruc ture ,  which were  descr ibed for  the f i r s t  time in the case of the e lect r ical  r e -  
duction of Ha in [9]. 

Structural Effects 

A comparison of the polarographic behavior of la-d with the polarographic behavior of N-methylpyridini- 
um cations and anions IIa showed that the effect of the pyridinium fragment of the molecule (the 450-600 mV 
shift of El/2 to the positive side due to the presence of the positive charge of the quaternary nitrogen atom) is 
somewhat greater than the effect of the negatively charged indane-l,3-dione fragment, which shifts the El/2 
value by 400-550 mV to the negative side as compared with the unsubstituted salt. The predominant role of the 
charge of the grouping introduced into the molecule is made apparent in both comparisons, i.e., the specific 
character of the dipolar structure is manifested. 

The half-wave potentials of la,b do not fit on the general correlation curve of the dependence of the El/2 
values of substituted pyridinium salts on the o- substituent constants when the o" constants in [i0] are assumed 
for the indane-l,3-dionyl group. This constitutes evidence that the mechanism of the electrical reduction of 
the investigated compounds with a dipolar structure differs from the mechanism of the electrical reduction of 

pyridinium salts. 

As a result of the pronounced effect of the negatively charged indanedione fragment on the shift of the 
El/2 values to the negative side, a change in the position of the pyridinium group and a change in the character 
of the substituent attached to the nitrogen atom in the pyridine ring do not have a substantial effect on the 
half-wave potentials. 

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

The polarographic  investigation of I-V (the synthesis  of the compounds will be published separately) was 
ca r r i ed  out in anhydrous DMF; rec rys ta l l i zed  samples  were  used. Tetrabutylammonium perchlora te ,  p re -  
pared  by the method in [11], was used as the inert  e lectrolyte .  The depola r izer  concentrat ion was 5 �9 10 -4 
m o l e / l i t e r  in all cases ,  and the ionic s trength was 0.1. 

The polarographic  studies were  ca r r i ed  out with a PAR-170 e lec t rochemica l  sys tem with a th ree -e l ec -  
trode scheme manufactured in the workshops of Pr inceton Universi ty.  The working electrode was a dropping 
m e r c u r y  e lect rode with forced  drop detachment (t = 0.5 sec and m = 0.69 m g / s e c ) ,  the anode was platinum 
wire,  and the compar i son  e lect rode was an aqueous saturated calomel  electrode.  

The cycl ical  v o l t - a m p e r e  curves  were  obtained with a s teady-s ta te  e l e c t r o d e -  a model 9323 suspended 
m e r c u r y  drop with a sur face  a rea  of 2.87 mm 2. 
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H E T E R O R I N G  C O N T R A C T I O N  

M.  V.  K a z a n k o v ,  N. P .  
a n d  E .  G .  K u z n e t s o v a  

IN  1 - D I A Z  O A N T H R A P Y R I D  O N E *  

M a k s h a n o v a ,  UDC 547.75 : 542.952 

An th rapyr idone - l -d i azon inm sa l t s  a r e  conver ted  with ring contract ion to py r ro loan th rone -1 -  
carboxyl ic  acid and, in the p r e s e n c e  of alcohols,  to its e s t e r s .  

Pyr ro loan th rone  (6H-Tnaphth[1,2,3-cd]indol-6-one) and its de r iva t ives  a r e  difficult to obtain, and litt le 
study has been devoted to them. We have found a new method for  the p r epa ra t i on  of this he te rocycl ic  polycon-  
densed s y s t e m -  contract ion of the r ing in an th r apy r idone - l -d i azon ium sa l t s  (1-diazo-7H-dibenz [f, i j] isoquino- 
l ine-2,7[3H]-dione) (I) to give p y r r o l o a n t h r o n e - l - c a r b o x y l i c  acid (II). Since, as shown in [2], the s ta r t ing  
1 -aminoan thrapyr id ine  and its subst i tuted de r iva t ives  a r e  ex t r eme ly  access ib le ,  this method  may  have p r e p a -  
ra t ive  value.  

Salts I, which we obtained fo r  the f i r s t  t ime in the fo rm of the hydrosulfa tes ,  t e t r a f luorobora tes ,  and 
pe rch lo ra t e s ,  a r e  stable c rys ta l l ine  subs tances .  They undergo convers ion  to acid II even when they a r e  d i s -  
solved in water ,  and the reac t ion  is acce le ra t ed  by the addition of alkal is ,  heating, and i r rad ia t ion  with day-  
l ight o r  UV light. The reac t ion  p roceeds  instantaneously in s t rongly alkaline media,  but sma l l  amounts  of im-  
pur i t i e s  (pr imar i ly  1-hydroxyanthrapyr idone)  a r e  obse rved  in this case .  To reduce the amount  of impur i t i es  
and achieve high yie lds  of acid l'I, it is expedient  to c a r r y  out the reac t ion  under the influence of weake r  a lka-  
line agents (for example ,  a l ka l i -me ta l  ace ta tes  o r  carbonates)  and in mix tu res  of wa t e r  and organic  solvents .  
Der iva t ives  of acid II that contain subst i tuents  in the anthrone f r agmen t  can also be obtained under the s ame  
conditions, as shown in the case  of the synthes is  of 3 - m e t h y l - 5 - b r o m o p y r r o l o a n t h r o n e - l - c a r b o x y l i c  acid (TII) 
(Table 1). 
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The s t ruc tu re  of product  II was p roved  by decarboxylat ion to pyr ro loan throne  IV and subsequent  a r y l a -  
tion with bromobenzene  to give N-pheny lpyr ro loan th rone  V, which was identical  to the subs tance  synthes ized 
by an independent method by cycl izat ion of N-(1-anthraquinonyl) -N-phenylglycine  VI [3]. 

* See [1] for  our  p r e l i m i n a r y  communicat ion.  
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