
more bulky in the dimer of radical (V) than in (I)-(IV). This gives r ise  to still more marked hindrances to 
~visting vibrations in the transition state for decomposition of dimer (V). An increase in the transition state 
rigidity leads to a reduction in the A_ 1 value. 

C O N C L U S I O N S  

1. Kinetic and thermodynamic parameters  have been determined for the 2~" ~- r 1 6 2  system, ~" being 
a 2- (4'-dialkylaminophenyl)-1,3 -indandionyl radical.  

2. Recombination of r radicals is a diffusion-limited process.  

3. The ~ - ~  dimers are thermochromic and photochromic compounds. 
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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  

OF M E T H Y L E N E Q U I N O N E S  

L .  I.  K u d i n o v a ,  A. A. V o l o d ' k i n ,  
V. V. E r s h o v ,  a n d  T .  I.  P r o k o f ' e v a  

UDC 541.138.3:547.567 

Although it has long been known that the electrochemical reduction of quinones and certain quinolide 
compounds proceeds through revers ible  radical-anion formation [1, 24 there has been little study of the 
analogous methylenequinone reactions. 

The present  work was a study of the polarographic reduction of 15 stable 2,6-di-tert-butylmethylene- 
quinones with various substituents in the methylene unit. The polarograms were developed in DMFA solution 
(dropping mercury  electrode), using 0.1 M tetrabutylammonium perchlorate as the supporting electrolyte.  
Anodic waves were recorded with the aid of a Kalousek switch operated at frequencies ranging from 2 to 50 
Hz. Some of the anodic-cathodic waves were reversible ,  and some partially reversible  or i r revers ible ,  de- 
pending on the type of substituent in the methylenequinone molecule. 

It is c lear  that there are many points of similari ty between the polarographic reduction of the methylene- 
quinones and the quinones. In general, the initial step in polarographic reduction of methylenequinones leads 
to the formation of a radical anion which dimerizes,  or  is reduced to the dianion. Polarographie reduction of 

Institute of Chemical Physics,  Academy of Sciences of the USSR, Moscow. Translated from Izvestiya 
Akademii Nauk SSSR, Seriya Khimicheskaya, No. 7, pp. 1503-1508, July, 1978. Original art icle submitted 
March 18, 1977. 
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the methylenequinones (I)-(HI), each with two e lec t ronega t ive  subst i tuents ,  gives r i s e  to two r eve r s ib l e ,  one-  
e lec t ron  diffusion waves  (Table  1), one fo r  the f o r m a t i o n  of the rad ica l  anions ( Ia ) - (ma) ,  and the o the r  fo r  
subsequent  reduct ion to the dianion fo rm.  The r ad ica l  anions (Ia)-(IIIa) can be  obtained f r o m  (I)-(IID, e i ther  
by e l ec t rochemica l  reduct ion o r  by  in te rac t ion  with meta l l ic  po t a s s ium (THF). 

0 I 0 l'~ U 
X ]l XI - X 

Ti ' t 
R--C--R" R--C--R' I R--C--R' 

X = C(CHs)s; R ~ R'= C6H5 (1); (Ia)--(IIIa) 
R~R'=CN (II), R=CN, 
R'=CsHs (III) 

The s p e c t r u m  of rad ica l  anion (Ia) has been desc r ibed  in [3]. Because  of hyperf ine  in teract ion of the un-  
pa i red  e lec t ron  with the two equivalent  n i t rogen nuclei ,  the spec t rum of (IIa) (Fig. 1) has  the f o r m  of a quin- 
tuplet  (1.05 Oe), each component  of which is spl i t  into a t r ip le t  (0.65-0.5 Oe) on the ring protons .  The ~ -  
phenyl -oL-cyano-2 ,6-d i - te r t -bu ty lmethylenequinone  (III) y ie lds  the rad ica l  anion (Hia), the l a t t e r  showing a 
w e l l - r e s o l v e d  ESR s p e c t r u m  with the hyper f ine  spli t t ing constants  l i s ted  in Table  2 (Fig. 2). The po la rographic  
h~lf-wave potent ia ls  fo r  reduct ion of the individual rad ica l  anions (Ia)-(rrra) proved  to be identical  with the 
ha l f -wave  potent ia ls  fo r  reduct ion of the r e spec t i ve  (I)-(III) methylenequinones.  As a resul t ,  e l ec t ro lys i s  of 
(])-(HI) at second-wave  potent ia ls  leads  to the fo rma t ion  of the 4 -subs t i tu ted  2 ,6 -d i - t e r t -bu ty lpheno l s  (after  
t r e a t m e n t  with acid), the cou lomet r i c  data  indicating that  it is h e r e  a ma t t e r  of a two-e lec t ron  reduct ion p r o -  
cess .  

Although the f i r s t - w a v e  s lopes  were  such as to indicate  that  the po la rographie  reduct ion of the ~ - a l k y l -  
o~-cyano-2 ,6-d i - te r t -buty lmethylenequinones  p roceeds  i r r e v e r s i b l y  (an = 0.5-0.7), p o l a r o g r a m s  obtained with 
the Kalousek switch (f = 12.5 Hz) showed the f lat  anod i c - ca thod i c  waves  c h a r a c t e r i s t i c  of r e v e r s i b l e  p r o -  
c e s s e s .  The second-wave  sa tura t ion  cu r r en t  fo r  po la rographic  reduct ion of these  compounds is 10-15% of the 
f i r s t - w a v e  sa tura t ion  cur ren t ,  the waves  t h e m s e l v e s  c l e a r l y  a r i s ing  f r o m  dianion format ion .  Wel l - r e so lved  
ESR s p e c t r a  could not be  obtained in the e l ec t rochemica l  reduct ion of the methylenequinones (IV)-(VI), and 
this despi te  the f ac t  that  a good s p e c t r u m  of the rad ica l  anion (Via) was obtained through reduct ion of ~ -  
i s o p r o p y l - a - c y a n o - 2 , 6 - d i - t e r t - b u t y l m e t h y l e n e q u i n o n e  (VD by  meta l l i c  K in THF solution (cf. Table  2). 

In te rp re ta t ion  of the r e su l t s  obtained in the e l ec t ro lys i s  of methylenequinones with subst i tuents  ca r ry ing  
a - H  a toms  is made  compl ica ted  by the fac t  that  e l ec t ro lys i s  is he re  accompl ished  by i somer i za t i on  to d e r i v -  
a t ives  of 4 -v iny l -2 ,6 -d i - t e r t -bu ty lpheno l .  F o r  example ,  e l ec t ro lys i s  of the methylenequinone (VI) (n = 0.84, 
accord ing  to the cou lomet r i c  data) gave  a mix tu re  of 4 - ( a - i sop ropy l -o t - cyano )me thy l -2 , 6 -d i - t e r t - bu ty lp h en o l  
and 1 -cyano- (4 -hydroxy-3 ,5 -d i - t e r t -bu ty lpheny l ) -2 ,2 -d ime thy le thy lene .  The catalyt ic  i somer iza t ion  of the 
methylenequinones to vinylphenols has  a l ready  been r epo r t ed  [4]. The data obtained in the e l ec t ro lys i s  and 
po la rograph ic  reduct ion of (Vi) sugges t  that  r eac t ion  of the rad ica l  anions (IVa)-(VIa) is p r inc ipa l ly  through 
dispropor t ionat ion .  

The rad ica l  anions of the (V1D-(XV) methylenequinones a r e  unstable and read i ly  d ispropor t ionate .  E lec -  
t r o ly s i s  of (VII)-(XV) leads to the fo rma t ion  of va r ious  d i m e r s  with logar i thmic  concentra t ion  vs ha l f -wave  
potent ial  re la t ions  of the type p rev ious ly  desc r ibed  in [5]. Inc reas ing  the concentra t ion  of these  compounds 
reduces  the c u r v a t u r e  of the wave and eventually leads to its separa t ion  into two other  waves ,  an effect  f r e -  
quently met  at high d imer iza t ion  constants  of the rad ica l s .  In ce r ta in  cases ,  po la rographic  reduct ion of these  
compounds led to the appea rance  of low sa tura t ion  cu r r en t  waves  which d i sappeared  when the concentra t ion  
was c a r r i e d  above 10 .3 m o l e / l i t e r .  P o l a r o g r a m s  fo r  these  compounds obtained with the Kalousek switch 
showed pa r t i a l l y  r e v e r s i b l e ,  o r  i r r e v e r s i b l e ,  waves ,  and ord inary  reduct ion waves  with t r a n s f e r  coeff ic ients  
in the neighborhood of unity at d e p o l a r i z e r  concent ra t ions  l e s s  than 5 �9 10 -4 m o l e / l i t e r ,  thus suggest ing that  
d i r ec t  e l ec t rochemica l  r eac t ion  (pseudoreve r s ib l e  wave) p roceeds  rapidly  in these  sys t ems .  Exceptions he re  
we re  ce - i sopropy l -2 ,6 -d i - t e r t -bu ty lmethy lenequ inone  and the ~ ,~ -d ime thy l  analog fo r  which ~ = 0.3-0.4. 

E lec t ro lys i s  of the methylenequinones (VII)-(XII) led to the fo rmat ion  of de r iva t ives  of 3 , 3 ' , 5 , 5 ' - t e t r a -  
te r t -buty l - -4 ,4 ' -d ihydroxydiphenyle thane  as  p roduc t s  f r o m  the d imer iza t ion  of var ious  rad ica l  anions. 
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o 
[X I] X x R X 

2 / ~ 2  - - o - ~ - d - c -  - o  

l II II X / H H "\ 
HCR ' HER ] x 

f 

R=H (VII), Ctts (VIII), CH(CHs)~ (IX), 
C~H5 (X), CN (XI), OCHs (XlI). 

The fact  that e lec t ro lys i s  of rv-piper idyl-2 ,6-di- ter t -butylmethylenequinone (XIII) led to the format ion of 
3 ,3 ' ,5 ,5 ' - t e t ra - t e r t -bu ty l -4 ,4 ' -d ihydroxyphenyle thy lene  (XVI) suggests that e lec t rochemica l  reduction proceeds  
h e r e  through substituent elimination. Since the overal l  reduction of the methylenequinone (XIID is a one-  
e lec t ron p rocess  (no = 1.14), the dthydroxydiphenylethylene (XVI) must  obviously be formed in the react ion 

u~ X [1 X X ~ X -' X \  / X  X X 
\ / \ /  ~ \ / 

2 Z 2  ~ ( ~ , /  I _ - o  F - ~  c c . . / ~ . . - o  -~& . o - . 7 ~ . - c = c - ( - b . _ O H  
u , , , )  - " = / - 1 -  ~-'~__2" 

CHNCsH]~ CHNCsH1o " H10CsN NC~Hl0 X X (xvt) 
(Xlii) 

Two-e lec t ron  e lec t rochemica l  reduct ion of a -ch loro-2 ,6 -d i - t e r t -bu ty lmethy lenequinone  (XVI) followed 
by a s e r i e s  of success ive  react ions  gave a 68% yield of a - (4 -hydroxy-3 ,5 -d t - t e r t -bu ty lpheny l ) -4 -hydroxy-3 ,5 -  
d i - te r t -bu ty lae  etophenone (XVH) 

I 
(XIV} 

O ~ '-" x X x il X] " X,. / x  

% )  I " ~ I I ~ n,o o n - . . . . - c - - c - ~ _ - o n  

(xvii) 

The data of polarographic ,  coulombic,  and ESR studies suggest that the p r i m a r y  act in the e l ec t rochem-  
ical  reduct ion of methylenequinones is the fo rmat ion  of a radical  anion whose p roper t i e s  are  determined by 
the nature  of the substi tuent  at the C atom of the methylene grouping. The nature  of this substl tuent also has 
a marked effect  on the energy  of the lower  f r e e  molecular  orbi tal  of the methylenequinone, thereby affecting 
the reac t iv i ty  in one -e lec t ron  t r a n s f e r  p roces ses .  

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

The methylenequinones were  p repa red  by oxidizing the respec t ive  phenols in benzene solution, following 
the methods of [6, 7]; the constants of the methylenequinones descr ibed  ea r l i e r  agreed with the values repor ted  
in [8]. Similar  methods were  followed in synthesizing a -e thy l -a -cyano-2 ,6 -d i - t e r t -bu ty lme thy lenequ inone  (V): 
nap 46-48~ kmax 310 nm; log ~ 4.58; kmax 323 rim, log ~ 4.60. Found: C 79.61; H 9.20%. Ci~H25ON. Cal- 
culated: C 79.66; H 9.29%. F o r  compound (VI): mp 106-107~ •max 310 nm, log e 4.60; Xmax 323 nm, log 
4.61. Found: C 79.88; H 9.40%. CtsH27ON. Calculated: C 79.95; H 9.54%. F o r  compound (liD: mp 109-110~ 
)~max 355 nm, log e 4.50. Found: C 82.60; H 7.82. C21H25ON. Calculated: C 82.72; H 7.89%. The methylene-  
quinone (ID was synthesized by the p rocedure  of [9]: mp 127-128~ Xma x 335 nm, log e 4.51. 

Polarographic  measuremen t s  were  c a r r i e d  out with a dropping m e r c u r y  e lec t rode  L P - 7  polarograph.  
The capi l la ry  constants were:  m = 1.64 mg/sec ;  t = 3.2; h = 73 cm. Comparison was against  a detachable 
sa turated calomel  e lec t rode,  without phase potential  cor rec t ion ;  the cel l  r e s i s t ance  was 3000 ~2. Elect r ica l  
measurement s  were  made with a P-5848 potent iostat  equipped with a cu r r en t  integrator .  The p rocedures  
followed in e lec t ro lys i s  have been descr ibed  in [10]. The mass  lef t  at  the end of e lec t ro lys is  was neutra l ized 
with I N HC1, the resul t ing solution diluted with water ,  and the whole ext rac ted  with ether .  Crysta l l iza t ion 
gave the following products:  f rom (D, 4 - (a , a -d ipheny l )methy l -2 ,6 -d i - t e r t -bu ty lpheno l ,  92% yield,  mp 133-134~ 
(according to [11], nap 134~ f rom (ID, 4-(c~,~-dicyano)methyl-2 ,6-di- ter t -butylphenol ,  88% yield,  nap 156- 
158~ Found: C 75.32; H 8.22%. C1yH2~ON 2. Calculated: C 75.52; H 8.20%. F r o m  (lid the re  was obtained 4-  
(o~-phenyl-o~-cyano)methyl-2,6-di-tert-butylphenol,  98% yield, mp 104-105~ (heptane) (according to [12], mp 
104~ f rom (VI), 4- (~- isopropyl -o~-cyano)methyl -2 ,6-d i - te r t -buty lphenol ,  32% yield, mp 85-87~ (heptane) 
(according to [12], nap 85-87~ and 1 -cyano- l ' - (4 -hydroxy-3 ,5 -d i - t e r t -bu ty lpheny l ) -2 ,2 ' -d imethy le thy lene ,  
56% yield ,  nap 110-111~ (hexane). Found: C 79.77; H 9.52%. C18H27ON. Calculated: C 79.95; H 9.54%. PMR 
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spectra (CC14, 5, ppm): 1.1 s [C(CH313, 1.42 s (CH3), 1.62 s (CH3), 4.8 s (OH), 7.15 s (CH). IR spectra (v, cm-1): 
3640 (OH). From (VII) there was obtained 3,3'5,5'-tetra-tert-butyl-4,4'-dihydroxydiphenylethane, 98% yield, 
mp 173-174~ (according to [13], mp 172~ from (VIII), 1,2-dimethyl-(3,3~5,5'-tetra-tert-butyl-4,4'-di - 
hydroxydiphenyl)ethane, mp 157-158~ (hexane), 64% yie ld .  Found: C 82.16; H 10.71%. C32H500 2. Calculated: 
C 82.35; H 10.80%. From (IX) there was obtained 1,2-diisopropyl-(3,3' ,5,5'-tetra-tert-butyl-4,4'-dihydroxy- 
diphenyl)ethane, 58% yield, mp 298~ (sublimes). Found: C 82.55; H 11.19%. C3~H5802. Calculated: C 82.70; 
H 11.18%. From (X) there was obtained 1,2-diphenyl-(3,3T,5,5T-tetra-tert-butyl-4,4T-dihydroxydiphenyl)ethane 
97% yield, mp 205-206~ (sublimes). Found: C 85.49; H 9.24%. C42H540 2. Calculated: C 85.37; H 9.21%. From 
(XI) there was obtained 1,2-dicyano-(3,3',5,5'-tetra-tert-butyl-4,4'-dihydroxydiphenyl)ethane, 88% yield, mp 
208-210~ (heptane-benzene). Found: C 78.58; H 9.02%. C30Ha402N 2. Calculated: C 78.65; H 9.07%. From 
(XII) there was obtained 1,2-dimethoxy-(3,3',5,5 V-tetra-tert-butyl-4,4t-dihydroxydiphenyl)ethane, 78% yield, 
mp 120-121~ Found: C 77.12; H 9.98%. C32H5004. Calculated: C 77.06; H 10.11%. IR spectra (~,, cm-1): 1150 
(OCH3). From (XIII) there was obtained 3,3',5,5T-tetra-tert-butyl-4,4'-dihydroxydiphenylethylene, 85% yield, 
mp 242-244~ (according to [13], mp 244~ from (XIV) a-(4-hydroxy-3,5-di-tert-butylphenyl)-4-hydroxy- 
3,5-di-tert-butylacetophenone, 68% yield, mp 240-241~ (heptane). Found: C 79.12; H 9.66%. C30H4403. Cal- 
culated: C 79.61; H 9.70%. IR spectrum (9, cm-1): 1682 (C=O). Structures for the various compounds were 
confirmed by IR and PMR spectroscopy. 

C O N C L U S I O N S  

1. The details of the electrochemical reduction of the methylenequinones are determined by the proper- 
ties of the radical anions that appear in the system as reaction intermediates; these can undergo further re-  
duction, dimerize, or disproportionate. 

2. Analysis of the ESR spectra of four different compounds confirmed the formation of radical anions 
in the course of these reduction reactions. 
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