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Electrochemical reduction of some methanofuilerenes. 
On the mechanism of the retro-Bingel reaction 
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The reactions of electrochemical reduction of methanofutlerenes bearing phosphonate and 
alkoxycarbonyl groups at the exo-carbon atom were studied. The mechanism of the retro- 
Bingel reaction as the cleavage ofnvo C--C bonds between the C(611 atom and the tullerene 
shell accompanied by electrochemical electron transfer was proposed. 
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Recently, considerable at tention has been focused 
on the methods of preparation of new functionally 
substituted derivatives of fullerenes t-2 due to a search 
fbr novel materials and biologically active compounds)  .4 
In this connect ion methanotiHlerenes containing func- 
tionally substituted c,vclopropane fragments condensed 
with the fullerene ring at the 6 ,6-bond 5,~' assume a great 
significance. 

Different approaches to the synthesis of compounds 
of this type are known: addition of carbenes, nucleo- 
philic addition ofcarbanions of halogen-containing com- 
pounds followed by the el iminat ion of a halide anion 
and. cyclization to methanofulierenes. 7,s Bingei was the 
first to describe the nucleophilic cycloaddition--elimi- 
nation in the fullerene series to form methanolhllerenes. '~ 
More recently, this reaction has widely been used for 
syntheses of various derivatives of methanofutlerenes, 
inc lud ing  preparation of biologically active com- 
pounds, l"A! We have described the synthesis of phos- 
phowlated mmhanofullerenes by the general pattern of 
the Bingel reaction from ful lerene C~0 (I)  and 
alkoxyphosphoryt bromoacetates, 12 

It has been shown in several works that the ability to 
accept readily electrons in both the electrochemical 
reactions 13 and the interaction with organic electron 
donors 14 is a characteristic property of fullerene and its 
derivatives. 

In this work, we used the cyclic vohammetry' (CV) 
method to study the electrochemical reduction of phos- 
phowlated methanofullerenes (2 - -4 )  and dicarbeth- 
oxymethanofullerene (5) synthesized by us, and their 
behavior was compared to that of  fuflerene Cu) i l l  

Three reduction peaks and, correspondingly, three 
oxidation peaks are observed (Fig. I) on the CV curves 
of C60 and methanolidlerenes 2 ~ 5  obtained on the Pt 
electrode in a to luene- -DMF (2 : I) solution against 

P ( O ) ( O M e )  2  coo 
1 2:  R =  Me, 3: R = Et, 

4 :  R = Men thy l  

C O O E t  

C O O E t  

0.1 M Et4NBF4. The characteristics of the peaks are 
presented in Table I. 

The successive transfer of three electrons is observed 
for C~, 0 (Scheme I). 

Scheme i 

-0.79 V -1 30  V 
C6o + e C ~ ' +  e __ 

C 2 -  L -1 .83 V " 
e o  e ~ C63o - "  

Reduction of compounds 2--5 occurs virtually at the 
same potentials, but it is somewhat more difficult than 
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that  of  C~, 0. The  charac te r i s t i cs  of  the  reversible transfer  
of  the first e l ec t ron  coinc ide  for c o m p o u n d s  2- -5 .  The 
potent ia ls  o f  the  second  peak o f  these c o m p o u n d s  are 
cons tan t :  however ,  the n u m b e r  of  e lec t rons  consumed  
in this s tep (,l) ranges  from 1.19 to 1.25. Some  differ- 
ence  o f  the n u m b e r  of  t ransferred  e lec t rons  (2.72 to 
2.82) and  in the  reduc t ion  po ten t i a l s  ( - I . 8 5  to - I . 8 7  V) 
is observed  in the th i rd  step. The f rac t ional  value of  n 
per mo lecu le  o f  m e t h a n o f u l l e r e n e s  2 - - 5  at the poten-  
tials o f  the  s e c o n d  and  third peaks has engaged our  
a t t en t ion ,  whereas  the  total value o f  n in these steps is 

-0 .5P 
I/i*A 

+0.5 k 

ZI 

t(.).5~- 

-0 .5b  

+0.5[-- 

_0;I 

- 1 . 8  - 1 . 4  - 1 . 0  - 0 . 6  s 
Ag/0.01M AgNO 3 

Fig. 1, Cyclic voltammograms of fullerene C60 (a) and com- 
tx)unds 2 (b). 3 (c). 4 (~ .  and 5 (e) on the Pt electrode in the 
toluene--DMF (2 : 1)/'0. t M Et4NBF 4 mixture; V= 100 mVs - t ,  
25 ~ C t = 5 - 1 0  -a. Cz_ s = 1-10 ) mo lL  -I. 

always equal to four. The  n value depends  on  the  
potent ia l  sweep V. As Vdec reases ,  n increases at p o t e n -  
tials o f  the second peak and  dec rea se s  at po tent ia l s  o f  
the third peak. However ,  the to ta l  n u m b e r  of  e l ec t rons  
transli~rred in these steps r e m a i n s  to be four (Table  2), 

The  data ob ta ined  ind ica te  the  reduct ion  o f  c o m -  
pounds  2 - -5  at po tent ia l s  o f  the  s e c o n d  and third s teps 
via the  mechan i sm with the s w i t c h e d - o n  chemica l  s tage 

Table 1. Parameters of peaks of reduction of fullerene C6~ ) ( ! )  
and compounds 2--5 on the Pt electrode in a to luene--DMF 
(2 : I, v/v) mixture against Et4NI3F4 a 

Compound Epre~ b n c Ep~ b .;~,G/m\ ''d k j s  - )  

-0.79 [.00 -0 .73  60 
Co{ } (1) - I .30  1.00 - I . 23  70 

- I .83  1.00 --1.76 70 
-0.85 1.00 -0 .79  60 

2 - I .34  1.24 --I.27 70 
-1.85 2.72 - I , 7 5  I00 
-0.85 1,00 --0.79 60 

3 - I .34  1.19 - I ._<  "~'~ 70 
--1.86 2.81 -1 .75  110 
-0.85 1.00 0.79 60 

4 -1.34 1.19 - I . 2 7  70 
-1.87 2.82 - I . 7 5  120 
-0.85 1.00 0.79 60 

5 - I .34  1.25 -1 .28  60 
-1.85 2.79 - I . 7 5  100 

0.32 

0.29 

0.2:t 

0.3t 

~Conditions: Cs = I" t0 -3 tool L - I ,  25 '~C, V =  100 mVs -I.  
hThe potentials were measured versus Ag/0.01 M AgNO~ in 
MeCN (Ep 'eej are the reduction potentials, and Ep ~ are the 
oxidation potentials of the reduction products obtained by the 
CV method]. 
CThe number of electrons determined by comparison with the 
one-electron peaks of C6o. 
' /The difl?rence o1 potentials between the cathodic and anodic 
peaks. 

Table 2. Number of electrons (n) transferred per molecule of 
compounds 2--5 at potentials of the first (n t). second (n2L and 
third (n 3) reduction peaks 

Compound V/'mV s -~ n] n 2 n~ pl~ + n 3 

2 20 1.00 1.41 2,59 4.00 
50 1,00 1.33 2,b7 4.00 

100 1.00 1.24 2.72 3.96 
200 1.00 1.18 2.82 4.00 

3 20 1.00 1.32 2.68 4 0 0  
50 1.00 1.34 2.66 4.00 

100 1.00 1.19 2,81 4.00 
200 1.00 1.19 2.81 4.00 

4 20 1.00 1,24 2.76 4.00 
50 1.00 1.22 2.73 3,95 

100 1.00 1.19 2.82 4.01 
200 1.00 1.17 2.83 4.00 

5 20 1.00 1.32 2.68 4.00 
50 1.00 1.29 2.76 4.05 

100 1.00 1.25 2.79 4.04 
200 1.00 1.19 2.74 4.03 



Electrochemical reduction of some methanofulterenes Russ.Chem.Bull.. ~bl 49. No. 3. March. 2000 429 

IECE process). At potentials of the second peak, the 
chemical stage is slow, i.e., its rate is lower than the rate 
of diffusion of molecules 2 - -5  to the electrode surface, 
whereas it is fast at potentials  of  the third peak (the rate 
of the chemical stage is higher than the diffusion rate of 
molecules of the substance to the electrode sun"ace). 
The oxidation potential  of the products of reduction of 
compounds 2--5 at potentials  of the third peak (Ep ~ = 
- I . 7 5  V) virtually coincides  with the oxidation potential 
of the radical trianton of  fullerene C~,r~. which implies 

The reduction of compounds 2 - -5  at potentials of 
three waves can be described by the following scheme 
(Scheme 3). 

Scheme 3 

fast elimination ofsubst i tuents  from the radical trianions A D 
of compounds 2--5.  The radical trianion of Ce,0 and the 
corresponding esters or" phosphonoacetie or malonic K,~slowlS, K2~rapidl',/ 
acids or their carbanions are formed due to these trans- 
formations. It is known from the literature Is that the 
reduction of  compound 5 at potentials of  the second //P(O)(OR!2 / P(O)(OR)2 

ucts result in fullerene C60. The authors Is did not 
explain the mechanism of  the observed reaction, al- COQR CQQR 
though they named this electrochemical transformation B E 
as the "retro-Bingel reaction." It is most likely that a 
slow step-by-step cleavage of  two C--C bonds o f  the [-~2e_2 D: ~-2 HD /_+2 o-e' +2 HD 
f\tllcrene shell with the bridging fragment and e l imina-  T 

lion of  the corresponding esters to form the C(,0 z- p(O)(OR) 2 P.(O)(OR)o 
dianion (.Scheme 2) occur  in dianions of compounds  | ] 
2--5  in a t o t u e n e - - D M F  system and in CHeCI 2. CH 2 + - CH~ 

/ 

COOR COOR 

Scheme 2 C C 

P(O)(OR)-~ + e ~ P ( O ) ( O  R)21 - ~ e_...~,.e 
ooR ~ ~ / ~  ~ -COOR I E,~ 

~ p(O)(OR)2 2- +2 e, +2 HD @ 2 -  
~ -COOR -- '-2 D 

A 

Using the empirical Nicholson correlation 16 tbr ECE 
processes, we estimated the rate constant k~ of this stage 
{-Fable I). As can be seen in Fable I, the rate constants  
of cleavage of two carbon-- fu l le rene  bonds are approxi-  
mately equal for compounds  2--5.  In our opinion,  this 
is an additional proof  that the transition from di-  
(alkoxycarbonyl)methanofulbrene 5 to alkoxycarbon- 
ylfalkoxyphosphoD'l)methanofulterenes 2- -4  does not 
substantially change the character  of binding of  the 
methane fragment to the fullerene shell. 

To obtain fullerene C60 in the retro-Binge[ reaction 
under study, it is necessaw that the reduction process 
generating the C602- dianion be l\'fllowed by oxidation 
of the latter occurring at a potential of -0 ,73  V. The 
atbresaid is valid for the electrochemical t ransforma- 
tions at potentials of  the third peak rather than the 
second peak. 

~ -cP(O)(OR)2 2--~e ~ P ( O ) ( O R ) , ,  3-- 
ooR  -cooR 

-Xe / 0 - 3  e 
0.73 ,73 v 

4) 
Dianion A, whose formation is shown in Scheme 2. 

undergoes a slow transformation into dianion B with 
one cleaved carbon--fullerene ring bond. This dianion 
B, being reduced in the presence of  proton donors, is 
transformed into the C602- dianion, whtch at a potential 
o f - 0 . 7 3  V donates two electrons and is transformed 
into free C60 and pbosphonoacetate C, 

At the same time, dianion C602- can be reduced to 
form radical trianion C60;- ' ,  which at a potential of 
-0.73 V, donating three electrons, can give tree C~0, As 
mentioned above, at the step of  the third reduction 
peak, the contribution of chemical transformations is 
much more pronounced than that at the step of the 
second reduction peak. Radical trianion D formed at 
this step is rapidly transformes into the trianion v, ith the 
open three-membered cycle E, which, withdrawing two 
electrons in the presence of a proton donor, is trans- 
formed into the radical trianion C60:3-'. The routes of 
transformation of  this radicat trianion into free C6o are 
shown above. 

Wc do not discuss other routes of  formation of the 
retro-Bingel reaction products, but believe that it is 
significant that our data indicate the possibility of both 
heterogeneous (on the electrode) and I:~omogeneous (in 
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the solut ion)  reac t ions  o f  m e t h a n o f u l l e r e n e  r educ t ion .  
U n d e r  h o m o g e n e o u s  c o n d i t i o n s ,  the  radical t r i an ion  o f  
fullerene C6~3- ' ,  which  is /b r ined  in tire e l e c t r o c h e m i -  
ca/ reduct ion of  m e t h a n o f u l l e r e n e s  at potent ia ls  o f  the  
third wa~e, can serve as a r e d u c i n g  agent.  All c o n d i t i o n s  
necessa U for this process  are fulfilled: a high stabi l i ty  o f  
the radical t r i an ion  of  tu f l e rene  C~, 0, a low di f ference  o f  
potent ia ls  of  the t ransfer  o f  the th i rd  electron to r o o f  
ecules of  C.,,0 and  m e t h a n o f u l l c r e n e s  2 ~ 5 ,  aud a h igh  
rate of  the irreversible c leavage  o f  the  m e t h a n o c a r b o n -  
ful lerene bond  in radical t r i a n i o n s  of  c o m p o u n d s  2 - - 5 .  
Al though we did not  verify exper imenta l ly  the o c c u r -  
rence of  h o m o g e n e o u s  e l e c t r o n  t ransfe r  processes, based  
on a high e lec t ron  aff ini ty of  ful lerene C60 and  its 
derivatives,  we assume the  paral lel  occur rence  o f  h e t e r o -  
geneous  {on the e lec t rode)  a n d  h o m o g e n e o u s  (by radical  
t r ian ions  of  C~,0) reac t ions  o f  e lec t rochern ic 'd  r educ t i on  
of  me thanofu l l e renes  at p o t e n t i a l s  o f  the third wave. 

C6O 3-" -r- i2--5~ 2 ~ CgO 2- a_ {-2_5-13-- 

Probably, a simiktr scheme is valid tbr tire e lec t rochemi-  
cal reduction of  o the r  methano( t t l l e renes .  Note that  e lec-  
t rochemical  reduct ion o f  organic  compounds  is usually 
character ized by C - - C  b o n d  Ib rma t ion  processes ( h o m o -  
and  cross-coupling) ,  j7 Cleavage  o f  C - - C  bonds  in re-  
cluction is a suff iciently rare p h e n o m e n o n ,  js It is m o s t  
likely that  the dr iving force o f  the observed cleavage o f  
two C - - C  bonds  in the m e t h a n o f u l l e r e n e  reduction is the  
tendency to "a romat iza t ion"  o f  the fullerene f ragment ,  
which is facilitated by two p r o n o u n c e d  withdrawing groups  
at me thano  ca rbon  and t h e r m o d y n a m i c  stability o f  the  
ca rban ion  formed. This  can  s o m e w h a t  be conf i rmed by a 
slight increase in the  reduc t ion  potent ia l  when e l e c t r o n -  
w'ithdrawing groups are added  to fullerene C~, 0. 

Experimental 

Electrochemical reduction of fullerene C~0 and compounds 
2--5 was studied by cyclic voltammet~'  in a tol t tene--DMF 
(2 : I) system against 0.1 M Et4NBFa. Cyclic voltammograms 
were recorded on a PI-50-1 potentiostat and a PDP-4 two- 
coordinate recorder using a Pt electrode sealed into the glass. 
The reference electrode was Ag/0.01 M AgNO_,. in MeCN, and 
a platinum wire served as an auxitiaw electrode. Tire concen-  
tration of the depolarizer was I �9 10 -~ rnol L -! ffutlerene Ct, 0, 
5" 1t) --4 ;'14). Working solutions were deaerated with nitrogen. 
and tile temperature was 25 ~ FuHerene C~, 0 used had 99.9% 

purity taccnrding to the HPLC data). The synthesis of com- 
pounds 2--4 was described in Ref. t2. and compound 5 was 
prep~,red by tire known procedure. 9 Solvents were purified by 
standard procedures. 
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32888) ,  the  S t a t e  S c i e n t i f i c  T e c h n i c a l  P r o g r a m  
"Ful lerenes  and  A t o m i c  Clusters"  (Pro jec t  " G e m o - 2 " ) ,  
and  the Founda t ion  of  Research and  D e v e l o p m e n t  Works 
of  the Academy of  Sc iences  of  Ta ta r s t an .  
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