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ABSTRACT 

The electrohydrodimerization reaction of dimethyl  fumarate  in the pres- 
ence of c innamonit r i le  and acrylonitr i le  was studied in dimethylformamide 
solution by rotating r ing-disk emctrode, voltammetric  and coulometric tech- 
niques. At potentials where only dimethyl  fumarate  is electroactive, the rate 
and mechanism of decay of the dimethyl  fumarate  anion radical are only 
slightly per turbed from the results obtained in the absence of c innamoni t r i le  
and acrylonitrile.  This is an indication that  little or no cross-coupling was oc- 
curring. At potentials where both dimethyl  fumarate  and c innamoni t r i le  are 
electroactive evidence for the occurrence of a solution oxidat ion-reduct ion 
reaction consuming c innamoni t r i le  anion radical and dimethyl  fumarate  parent  
was obtained. In  addition, the role of cis-trans isomerization of radical anions 
in electrohydrodimerization reactions is discussed. Differences in the cyclic 
vol tammograms of diethyl maleate in the presence of acrylonitr i le  when  com- 
pared with those obtained in the absence of acrylonitr i le  and for dimethyl  
fumarate  in the presence of acrylonitr i le  are observed. 

We have previously reported (1) the use of rotat ing 
r ing-disk electrode (RRDE) voltammetry,  cyclic vol t-  
ammetry,  and coulometry in the elucidation of the 
mechanism of the electrohydrodimerization (electro- 
lytic reductive coupling) of the three di-substi tuted 
olefins dimethyl  fumarate  (DF),  c innamoni t r i le  (CN), 
and fumaroni t r i le  (FN) in anhydrous  dimethylform- 
amide (DMF) solution. Potent ia l -s tep chronoamper-  
ometry has also been employed to determine the elec- 
trohydrodimerization mechanism of diethyl fumarate  
(2). These studies showed that  these hydrodimeriza-  
tions proceed predominant ly  via a one-electron reduc- 
tion 

R + e ~ R  [1] 

followed by a radical ion dimerization (EC reaction 
scheme) for each olefin 

_ � 8 9  
2R " --> R2 ~- [2] 

It  is also of interest  to examine the hydrodimerizat ion 
reaction of a disubsti tuted olefin in the presence of a 
second activated olefin (R') by RRDE vol tammetry  (3) 
and coulometric techniques. The aim was to explore the 
conditions under  which formation of cross-coupled 
products can occur, thus obtaining more insight into 
the mechanism of electrolytic reductive coupling. 

This approach was first under taken  by  Baizer et al. 
(4-7). These investigators discovered cross-coupled 
products of the form R'RH2 after electrolysis of aque- 
ous-DMF solutions at mercury electrodes containing 
high concentrations (up to 5M) acrylonitr i le  (AN) at 
potentials where R, but  not R', was electroactive. They 
at t r ibuted these results, on the basis of this as well as 
cyclic voltammetric evidence (8), to the occurrence of 
an ECE mechanism; i.e., a one-electron reduction (Eq. 
[1]) followed by nucleophilic attack by the radical 
anion on the parent  molecule 

k2' 
R -  + R ~  R2- [3] 

to form the electroactive species R2- which can un -  
dergo fur ther  reduction to yield the 

R2-  + e -  -~ R~2- [4] 

* Electrochemical Society Active Member. 
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nonelectroactive species R2 ~-. They surmised that  in 
the presence of a second olefin R', because of its greater 
concentrat ion at the electrode surface when compared 

with R, nucleophilic at tack by R-: on R' to form the 
electroactive species 

k2" 
R -  + R ' ~  ( R R ' ) -  [5] 

(RR') occurs. This species can undergo fur ther  re-  
duction to yield a cross-coupled product (9) 

n 

(RR') + e - - >  (RR') 2- [6] 

The ratio of cross-coupled product to simple dimer 
(R2H2) would be dependent  on the concentrat ion ratio 
of R and R', on the rate of formation of the cross- 
coupled product relative to the rates of formation of 
the simple dimers (R2H2 and R'2H2), and on the rates 
of formation of the simple dimers relative to each 
other. They also found that  the yield of cross-coupled 
product was substant ia l ly  increased when electrolysis 
was conducted at potentials where both R and R' were 
reduced; this is an indication that  cross-coupling via a 
radical ion-radical  ion-coupling mechanism was occur- 
r ing at a faster rate than  the ECE 

R 7 + R'-  -~ (RR') '2- [7] 

mechanism postulated in Eq. [5] and [6]. 
Dimethyl  fumarate  was chosen to serve as the spe- 

cies R. Its radical  decay rate constant  (i.e., dimeriza- 
tion rate constant) is at the lower l imit of rate con- 
stants measurable  with the part icular  RRDE used and 
thus any increase in the velocity of that  reaction, as 
explained above, would still result  in reasonable cur- 
rent  levels at the ring. Also, the Ell2 of its first reduc- 
t ion occurs well  before that  of c innamoni t r i le  and 
acrylonitr i le  (AN), the two species which would func-  
t ion as the R' species. CN was chosen because its hydro-  
dimerization has been studied (1), because its second- 
order rate constant is only eight times that  of dimethyl  
fumarate,  and because it is more difficult to reduce than 
dimethyl  fumarate.  Acrylonitr i le  was chosen because 
of its use in previous studies (4-7). The mechanism 
and rate  of dimerization of AN, however, have not 
been determined because the electrogenerated product 
reacts very quickly (9). 

The diagnostic criteria which were used to determine 
the reaction path consisted of a quali tat ive examina-  
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tion of the dependence of the r ing current  (it) on disk 
potenital  (Ed) at constant r ing potential (Er), a quan-  
t i tative examinat ion of the dependence of the kinetic 
collection efficiency, NK, on the rotation rate and con- 
centrat ion (XKTC)  (10-12), where 

X K T C  -- (0.51) -2/~v-1/~D1/~C~ [8] 

and ~ is the kinematic viscosity, D is the diffusion co- 
efficient, C ~ is the ini t ial  concentration, ~ is the rota- 
t ion rate, and ks is the second-order homogeneous rate 
constant, on the behavior of NK with various disk cur-  
rents (CONI) (3) 

CONI -- ie/id,1 [9] 

where id is the disk current  and id.1 is the disk current  
at the l imit ing current  plateau, and finally, controlled 
potential  coulometric analysis. 

Exper imenta l  
Reagents.--N,N-dimethylformamide (DMF), ob- 

tained from Baker Chemical Company, was purified 
by vacuum disti l lation and stored under  He. Solvent 
pur i ty  was ascertained by cyclic voltammetric analysis 
of DMF solutions of t e t rabu ty lammonium iodide 
(TBAI) obtained from Southwestern Analyt ical  
Chemicals, Inc. TBAI and t e t rabu ty lammonium per-  
chlorate (TBAP),  also obtained from Southwestern 
Analyt ical  Chemicals, Inc., were vacuum dried and 
stored over Drierite. Dimethyl  fumara te  (DF), sub- 
l imed prior to use, and cinnamonitr i le ,  used as received, 
were obtained from K. and K. Laboratories. Acryloni-  
trile, Matheson, Coleman and Bell Chemicals, was used 
as received. 

Apparatus . - -A Tascussel Electronique Bipotentiostat, 
Model Bipad 2, was used for all  RRDE experiments.  A 
Digitec digital voltmeter, Model 204, and a Fairchi ld 
digital mult imeter ,  Model 7050, were used to measure 
the steady-state r ing and disk currents  simultaneously.  
A Wavetek function generator provided a d-c potential  
ramp for vol tammetr ic  experiments  recorded on a 
Mosley Model 2D-2 X-Y recorder. The p la t inum-  
Teflon rotat ing r ing-disk  electrode, having a disk 
radius (rl) of 0.187 cm and inner  (r2) and outer (rs) 
r ing radii  of 0.200 and 0.332 cm, respectively, was 
constructed by Pine Ins t rument  Company, Grove City, 
Pennsylvania .  The max imum collection efficiency, N, 
for the RRDE used in these exper iments  was 0.555 (1). 
The electrochemical cell, dispensing vessel, and motor 
and controller used to rotate the RRDE have been 
described previously (1). The reference electrode was 
a silver wire spiral (Ag-RE) whose potential  was 
dependent  on the ident i ty  and concentrat ion of the 
support ing electrolyte. TBAI was used as support ing 
electrolyte in  all RRDE experiments.  A Model 170 
Electrochemistry System (Princeton Applied Research, 
Princeton, New Jersey) was employed for all con- 
trolled potential  coulometric experiments.  A conven-  
tional coulometry cell was used. In  these experiments,  
a p la t inum gauze served as the working electrode and 
a p la t inum spiral as the auxiliary. A saturated calomel 
electrode (SCE) was used as the reference electrode. 
The reference and auxi l iary compartments  were sepa- 
rated from the cathode compar tment  by medium 
porosity glass flits. 

Procedure.--DMF, dispensed from the storage vessel 
into the dispensing vessel by positive He pressure, 
together with support ing electrolyte and, in  most 
cases, the depolarizer, was subjected to a m i n i m u m  of 
three f reeze-pump- thaw cycles. In  experiments  where 
CN was present, it was first necessary to conduct a 
pre-electrolysis to remove an electroactive impur i ty  
present  in the CN prior to addition of the DF. This was 
carried out at a Hg pool electrode in the RRDE electro- 
chemical cell. In  these experiments  the DF concentra- 
tion was determined from a working curve of the disk 
l imit ing current  (id.1) vS. concentration. This curve was 
compiled from measurements  on solutions of dimethyl  
fumarate  in the absence of c innamonit r i le  and vali- 
dated with known mixtures  of DF and CN. 

Results 
Dimetbyl Fumarate-Cinnamonitrile 

Etectrochemical generation of the DF radical ion.--  
RDE vol tammograms of DF and CN are i l lustrated in 
Fig. 1 and 2. DF (Fig. la)  exhibits a one-electron re- 
duction with half-wave potential, E(i  : id.l/2) of 
--0.SV vs. silver reference electrode (Ag-RE) followed 
by a current  dip commencing at approximately -- 1.55V. 
This dip has been shown to occur at potentials corre- 
sponding to formation of the dianion and has been 
interpreted as resul t ing from polymerization init iated 
by that ion (8). Curve b is a r ing current  (it) vs. disk 
potential  (Ed) trace with the r ing potential  (Er) 
mainta ined at a constant value of 0.0V vs. Ag-RE. 
The r ing current  increase results from oxidation of the 
DF radical anion being formed at the disk electrode. 
At sufficiently negative disk potentials (Ed > --1.55V) 
reduction of DF to the dianion begins and the ring 
current  decreases because of instabil i ty of the dianion 
in solution. 

Figure 2 curves a and b, which describe the CN 
system, are analogous in interpretat ion to curves a and 
b in Fig. 1, respectively. The CN dianion participates 
to a lesser extent  in polymerization reactions than 
does the DF dianion, thus an increase in cathodic cur-  
rent  and a reduction wave 1.5 times the height of the 
first wave results. The hal f -wave potentials of the 
one- and two-electron reductions for CN are --1.21 
and -- 1.83V, respectively. 

Figure 3, curve a, shows a disk current -potent ia l  trace 
of the mixed DF-CN system in 0.15M TBAI-DMF. For 
convenience this vol tammogram will be considered as 
consisting of four regions, as shown. Comparison with 
Fig. 1 and 2 reveals that  reductions occurring in 
regions 1 and 3 can be ascribed to DF reductions, 
whereas those in regions 2 and 4 are CN reductions. 
The DF one-electron reduction l imit ing current  is, 
within exper imental  error, unchanged upon addition 

! 
LDf: 

Ir,DF= 

1 
potential 

Fig. 1. Dimethyl fumarate (8.2 raM) RRDE voltammograms in 
0.15M TBAI-DMF solution. ~ - -  47.6 sec-1; (a) id vs. Ed and 
(b) ir vs. Ed, Er "-" O.OV. 

id,CN 

ir, CNr 

a j 

/ b  

potential 
Fig. 2. Cinnomonltrile (3.8 raM) RRDE voltammogroms deter- 

mined at ~ = 47.6 see- l ;  (a) ie vs. Ed and (b) ir vs. Ed, Er = 
O.OV. 
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',, Ir, l ~  it,2 li~3 / '  
Lp , .  DF = ......_~..."b 

Er= 0.0 V 

l "  T 
'! Air, l =  N x id,DF 

l ". AIr,2 
I ir ' ' ,  I 
.L i " ; f  ........ -~- ,[:2 - 
T" i ~ , ~ i ....... "~ F d 

--0.8 --1.2 -1.6 --2.0 

p o t e n t i a l  

Fig. 3. Typical DF-CN RRDE voltammograms: (a) id vs. Ed; (b) 
ir vs. Ed, Er : O.OV; and (c) ir vs. Ed, Er = --0.95V. 

of CN. Further ,  the disk l imit ing current  plateau 
(curve a, region 1), as well  as the r ing current  plateau 
(curve b, region 1), exhibits essentially zero slope; 
evidence that  processes occurring at the potent ial  
denoted E1 do not differ from those at E2. These 
results differ from those obtained from product analy-  
sis after exhaustive electrolysis of diethyl maleate 
(DEM) (6), where it was found that  the products 
varied as a function of the working electrode potential  
and it was concluded that  the processes occurring on 
the DEM limit ing current  plateau are a funct ion of the 
applied potential  in the mixed system. 

Determinat ion of NK as a function of CONI for id < 
(id.1) a, where (id,1)a is the DF l imit ing disk current  in 
region 1, resulted in the exper imental  data shown in  
Fig. 4 and tabulated in Table I. This trend, NK in- 
creasing with increasing 1-CONI, is the one reported 
to be characteristic of the EC dimerization mechanism 

Table I. Collection efficiency (NK) for dimethyl fumarate redaction 
as a function of the disk current 

Compound ( e o n c - m M )  

Olef in  R Olef in  R '  w (sec-1) i r  (/~A) /d (/~A) NK C O N I  

D i m e t h y l  C i n n a m o ~  
f u m a r a t e  nitrile 
(1.85) (3.85) 

D i m e t h y l  A e r y l o n i -  
f u m a r a t e  t r i l e  
(8.19) (200) 

47.8 

98.6 

4.4 8.0 0.550 0.080 
8.8 16.4 0.536 0.164 

14.4 26.0 0.554 0.260 
20.8 37.6 0.553 0.376 
24.8 45.6 0.544 0.456 
30.8 59.0 0.522 0.590 
35.6 68.0 0.524 0.680 
40.8 79.0 0.517 0."/90 
45.2 89.0 0.508 0.090 
46.8 93.0 0.503 0.936 
17 42 0.405 0.080 
40 88 0.454 0.169 
70 140 0 . 5 0 0  0 . 2 6 8  
91  186  0 . 4 8 9  0 . 3 5 6  

105 222 0.473 0.426 
137 288 0.476 0.552 
152 336 0.452 0.644 
168 378 0.439 0.724 
179 418 0.428 0.800 
188  452 0.416 0 . 8 6 6  
218 518 0.421 0.992 

(Eq. [2]), but  not of ECE mechanisms II and III  
(3). NK vs. 1-CONI theoretical curves for the EC 
mechanism with X K T C  equal to 0.06 and 0.25 are also 
given in Fig. 4. Calculation of the second-order rate 
constant for dimerization of DF anion radicals yields 
a value of 1.1 • 0.1 • 102 l i ter /mole-sec;  the same 
value is obtained in the absence of CN (1). 

A theoretical curve depicting the dependence of NK 
on X K T C  for the EC (I) mechanism, together with 
experimental  values of NK measured at potentials on 
the DF l imiting current  plateau and determined as 
functions of the rotation rate, are presented in Fig. 5. 
It can be seen that the exper imental  points closely fit 
the curve generated for the radical ion dimerization 
mechanism; this provides addit ional evidence that  
mechanism I is the path of choice, even  in the presence 
of a second olefin. 

These similarities, both qual i tat ive and quanti tat ive,  
which appear in the RRDE exper imental  dimethyl  
fumarate  currents  measured in the presence and in 
the absence of cinnamonitr i le ,  are also evident  from 
cyclic vol tammetr ic  studies. Figure 6 shows cyclic 
vol tammograms of DF (curve a), CN (curve b) ,  and 
the mixed DF-CN system (curves c and d). As with 
the RRDE data, curves c and d can be compared with 
curves a and b for purposes of assignment. The first 
reduction of DF exhibits a sizable anodic current  on 

0.~ 

N K 
0.. ~ 

0.4 

0.~ 

N K 
(L' 

X X x X 
X X • ~ ~ X 

a 

J b 
J 

' L o.  0.0 0.2 

t - -  C O N I  

Fig. 4. Dimethyl fumarate collection efficiency (NK) vs. 1-CONI 
at ~ = 47.6 sec -1  in the presence of clnnamonitrile: (a) DF = 
1.85mM andCN = 3.85mM; (b) DF = 7.3 mM andCN = 3.8 
mM. Solid lines are theoretical curves corresponding to mechanism 
I and (a) XKTC = 0.06 and (b) XKTC = 0.25. 

0.5 

0.4 

N K 
0.3 

0~ 

0.1 

I I I I 
0.0 1.0 2.0 3.0 4.0 

X K T C  

Fig. 5. Dimethyl fumarate (1.8 mM) collection efficiency (N[ )  
vs. XKTC plot in the presence of cinnamonitrile (3.8 raM). Solid 
line corresponds to the theoretical curve depicting the behavior of 
NK for mechanism I. 
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~d 

/ 

l 

Fig. 6. Cyclic voltammograms recorded at 0.1 V/see; (a) di- 
methyl fumarate (3.5 raM); (b) cinnamonitrile (2.6 mM); (c) 
dimethyl fumarate (].8 raM), c~nnamonitrile (3.8 raM); and (d) 
some as (c). 

reversa l  (curve a) even in the  presence of c innamoni-  
t r i le  (curve c) .  The ra t io  of peak  cur ren ts  (ipTDF~/ 
iplDf) and  the  peak  cur ren t  funct ion (iplDF/C~ 1/2) 
were  found to be 0.38 and 96 ~A/mM V sec -1, respec-  
t ively,  in the  absence, and 0.42 and 99 ~ A / m M  V sec -1 
in the presence of CN. 

In  addition, coulometr ic  analysis  at --1.425V vs. SCE, 
a potent ia l  on the  DF first reduct ion  cur ren t  p la teau  
but  posi t ive  of potent ia ls  necessary  for  reduct ion  of 
CN, resul ted  in an n,pp-value of 0.63 for  an equimolar  
DF-CN solution. The n -va lue  predic ted  by each of the  
pos tu la ted  hydrod imer iza t ion  mechanisms is one (3). 
An  napp-value less than  one resul ts  because o f  the  
occurrence of po lymer iza t ion  side react ions dur ing  the 
t ime scale of the  coulometr ic  exper iment .  Coulomet ry  
at --1.625V vs. SCE in the  absence of c innamoni t r i le  
y ie lded an n~pp-value of 0.62. I f  the  ECE mechanism 
involving react ions [5] and  [6] occurred, the  napp in 

the  presence of CN should have  been grea te r  than  0.62, 
and  possibly  even g rea te r  than  one. 

SimuLtaneous electrochemical generation of the di- 

methy~ ]umarate (DF-:) and cinnamonitrile (CN-) 
radical anions.--To de te rmine  the  ex ten t  of cross- 
coupling arising f rom a rad ica l  ion- rad ica l  ion mechan-  
ism (Eq. [7]),  an examina t ion  of the  DF-CN mixed  
sys tem at potent ia ls  where  both DF and CN undergo 
reduct ion to form the i r  respect ive  rad ica l  anions was 
under taken.  

Ring cu r r en t  vs. disk  potent ia l  vo l t ammograms  
where  Er = 0.0V (curve  b)  and  Er = --0.95 (curve  c) 
a re  shown in Fig. 3. Curve b shows the oxidat ion of 
e lect roact ive  species being formed at  the  disk dur ing 
processes shown in Fig. 3a or  of any electroact ive 
species being formed from react ions of d i sk  products .  
F r o m  the  s tudy of the  DF rad ica l  anion alone, we  know 
tha t  the  r ing  cur ren t  in region  1 under  the  e lect rode 
condit ions imposed to obtain curve b [denoted (/r,1)b] 
resul ts  solely f rom oxida t ion  of the  DF rad ica l  anion. 
If  the re  were  no in terac t ion  in the  bu lk  be tween  D F  
paren t  or  rad ica l  anion and CN pa ren t  or  radical  anion, 
the  measured  r ing  current ,  (itS)b, wou ld  s imply equal  
the  sum, it, s, of the  DF and CN r ing  currents  measured  
independent ly  (i.e., the r ing  cur ren ts  ir,DF ~ and it.oN ~ 
i l lus t ra ted  in Fig. 1 and 2, respec t ive ly) .  This is not  the  
case and ir.s is g rea te r  than  (ir,2)b. Typica l  exper i -  
men ta l  values  are  given in Table  II. These exper i -  
men ta l  values  were  collected at  var ious  concentrat ions  
and ro ta t ion  rates.  To de te rmine  the magni tude  of the  
cur ren t  contr ibut ion to (ir,2)b f rom oxidat ions  o ther  
than  that  of the  DF radical  anion, the  exper iment  
recorded as Fig. 3c was conducted.  The r ing  cur ren t  
(ir,0)c, resul ts  f rom reduct ion of DF at  the  r ing elec- 
trode.  At  d isk  potent ia ls  sufficiently negat ive  (e.g., 
E : El, shown in Fig.  3a),  DF  reduces  at  the  disk and 
a decrease,  A(ir, l)c, in the  cathodic cur ren t  measured  
at  the r ing  electrode resul ts  because of a decrease in 
the amount  of DF reaching the ring. This is t e rmed  
shielding and  A(ir.1)c equals  N t imes (idA)a, the DF 
disk l imit ing cu r ren t  shown in Fig.  3a, region I. The 
DF radica l  anion is not oxidized at  the  potent ia l  ap-  
pl ied at  the  r ing  e lect rode and is, therefore ,  not  de-  
tected. At  more  negat ive  disk potent ia ls  (i.e., Fig. 3a, 
E : E3) both DF and CN are  reduced  at the disk elec- 
t rode  to the respect ive  rad ica l  anions 

D F +  e - - >  D F -  ( a t t h e d i s k  [10] 
e lec t rode  

CN + e - - >  CN' -  [Fig. 3a, [11] 
region 2] ) 

and a second decrease  in the  r ing current ,  (~ir.2)c is 
observed.  The measured  current ,  (ir.2)e, is the  sum of 
two currents;  a cathodic  cur ren t  component  resul t ing  
from the one-e lec t ron reduct ion of DF and an anodic 
cur ren t  component  resul t ing  f rom the oxidat ion  of the 
CN radical  anion 

D F ~ e - - > D F  7 ( a t t h e r i n g  [12] 
e lect rode 

C N T - - e - - > C N  [Fig. 3c, [13] 
region  2])  

TabJe II. Disk and ring currents at different values of Ed and Er* 

Concentration (raM) 

DF a N  r (ta,1) a (t~,~) a (/,r ,1) b tr,CN; (it,2) b ( i t  ,S) b A ({r,'d c A({,,2)e 

1.62 2.46 47.6 112 123 55 30 74 
1.62 2.46 67.2 133 137 66 42 88 
2.20 4.42 47~ 152 226 .... 69 52 87 
2.20 4.42 98.6 208 311 98 91 148 
2.85 3.10 47.6 143 144 88 - -  94 
3.78 3.58 47,6 178 174 84 44 104 

47 
54 
65 

108 
52 
60 

79 
96 
104 
78 
104 

68 
78 
92 

153 
63 
82 

* D]VIF solution conta in ing  0,15M TBAI.  See Fig.  3 for definition of t e rms .  A/I cu r ren t s  in  mlcroamperes. 

Downloaded 19 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



752 J. E l e c t r o c h e m .  Soc.: ELECTROCH EMI CA L SCIENCE AND TECHNOLOGY J u n e  1973 

At the applied r ing potential, nei ther  the CN parent  
nor  the DF radical are electroactive. The current  de- 
crease, IA(ir,2)cJ, cannot result  s imply from oxidation 
of the c innamoni t r i le  radical anion, since ]4 (it,2)c[ > 
I(ir.CN "r) I, where ir.CN'-" is the r ing current  result ing 
from oxidation of CN radical  anion in the absence of 
DF (Fig. 2b and Table II) .  For example, i tem 6 in 

Table II shows that the C N -  r ing current  (i.e., [ir.CN= I) 
for C ---- 3.58 mM and ~ : 47.6 sec -1 in the absence of 
DF is 44 ~A. The decrease in the r ing current,  ~ (it.2)c, 
is 82 ~A. One would have anticipated a deCrease less 
than  or equal to 44 ;~A, bu t  not greater than this if 

oxidation of CN'-  were the only addit ional process 
occurring in this region. Radical ion-radical ion cross- 
coupling could occur but  this would decrease the sta- 
bil i ty of the CN and DF radical anions, leading to a 
smaller value of A(ir,2)c. One must  also take into ac- 
count, however, the occurrence of the electron transfer  
reaction 

CN T + DF-~ CN + DF- [14] 

In the absence of any other kinetics (e.g., dimeriza- 

tion) contributing to the instability of the species CN "f 
and DF, the occurrence of reaction [14], in terms of 
measured ring current at Er ---- --0.95, would have no 
observable effect and h(ir.2)c would equal N times 
id,CN, where id,CN is the CN disk limiting current. How- 

ever, in this case both DE- and CN U undergo further 
dimerization reactions ([15] and [16]). Moreover, the 
rate constant of the CN dimerizat ion reaction 

2CN-  -* (CN)~ 2-  [15] 

is about eight times larger than  that of the DF dimer- 
ization reaction (1) 

2DF'-  ~ (DF)22- [16] 

Hence, the effect of reaction [14], if its rate is much 
larger than that of reaction [15], is to remove a less 

stable intermediate  ( C N - )  and form a more stable 

one ( D F - )  in  t ransi t  from disk to ring. This leads to a 
smaller amount  of DF available for reduction at the 
r ing and hence a larger- than-expected value of • (ir.2)c. 
This hypothesis, i.e., the effect of the oxidation-reduc- 
t ion represented in Eq. [14], is supported by digital 
s imulation of the RRDE exper imental  conditions. 

This program assumed that  the disk electrode was 
main ta ined  at a potential  where reduction of DF (Eq. 
[10]) and CN (Eq. [11]) to their respective radical 
anions proceeded at mass t ransfer  controlled rates. 
The r ing electrode was mainta ined at a potential  where 
mass t ransfer  controlled oxidation of the CN radical 
anion (Eq. [13]) and reduction of DF parent  (Eq. 
[12]) occurs. Three homogeneous reactions were as- 
sumed to occur in the gap region: the radical  ion- 
radical ion dimerizations of DF (Eq. [16]) and CN (Eq. 
[15], and the oxidat ion-reduct ion reaction represented 
in Eq. [14]). The rate  constants for the DF (1.1 • 102 
l i ters/mole-sec) and CN (6.8 • 102 l i ters/mole-sec)  di- 
merizations, together with the specific exper imental  
conditions (e.g., concentrations, diffusion constant, 
etc.), were used to calculate the appropriate X K T C  
values. The oxidation-reduction reaction was as- 
sumed to occur at a diffusion-controlled rate. The 
simulation output parameters  of interest  were a di- 
mensionless current  parameter  proportional to the disk 
current,  and dimensionless current  parameters  pro- 
portional to the currents  resul t ing from reduct ion of 
the DF and from oxidat ion of the CN radical anion at 
the ring electrode. 

The current  decrease, A(ir.2)c, was found to occur 
total ly from a decline in the cathodic current  due to 
loss of DF parent  species in transi t  to the r ing elec- 
trode, and with essentially no contr ibut ion to the cur- 

rent  decrease from anodic cur ren t  result ing from oxi- 

dation of the C N -  species. That is, the velocity of the 
reaction represented in  Eq. [14] is of such a high order 
of magni tude that the CN dimerization does not suc- 

cessfully compete with that reaction and all the C N -  
is consumed in reaction [14]. Under these conditions, 
the s imulat ion accounted for approximately 90% of 
the exper imenta l ly  measured current,  h (it.2)c. 

Cyclic vol tammograms of the DF-CN system show 
no oxidizable species other than the DF and CN radical 
anions that were observed. In  addition a coulometric 
experiment,  in which a solution of DF and CN, in  ap- 
proximately equimolar  concentrations, electrolyzed at 
-- 1.90V vs. SCE was carried out. This potential  is suffi- 
cient to produce both the DF and CN radical anions 
but  not negative enough to produce the DF dianion. 
An over-all  napp-value of 0.81 was obtained. The aver-  
age napp-value obtained for the CN reduction in  the 
absence of DF was 0.96. Assuming n ---- 1.0 for the CN 
reduction, the napp-value for DF in the presence of CN 
is 0.64, essentially the same value obtained in the ab-  
sence of CN. This value is less than that  anticipated 
if the cross-coupling reaction [Eq. 7] was occurring to 
an appreciable extent, since this should reduce the 
extent  of polymerization and result  in 0.62 < napp 

1.0. The unchanged napp-value for DF suggests that  
the DF radical anion is effectively insensitive to the 
presence of CN parent  and the CN radical anion being 
electrochemically generated. The equivalents  vs. t ime 
(t) and the current  (i) vs. t ime curves for this ex- 
per iment  are shown in Fig. 7. The presence of two 
slopes in the equivalent  vs. t curve and the break in the 
i vs. t curve indicate the possible existence of two con- 
secutive reductions as opposed to two simultaneous re- 
ductions, although simultaneous reduction of DF and CN 
is occurring at the potential  of the working electrode. 
The coulometric data can be explained by the occur- 
rence of the oxidat ion-reduct ion reaction (Eq. [14]) in 

the bu lk  solution. The C N -  produced at the electrode 

reacts with DF parent  to yield CN parent  and D F - .  
Unti l  a sizable amount  of the DF parent  has been con- 
sumed, the electrolysis is completely characteristic of a 
DF electrolysis, but at a faster rate than the controlled 
potential  electrolysis of DF alone because of the addi- 

t ional  coulometric t i t rat ion of DF by C N - .  Thus, the 
coulometric, as well  as the RRDE, results point  to the 
importance of the oxidation-reduction reaction rep- 
resented in Eq. [14], in the over-al l  reaction scheme. 

S imul taneous  electrochemical  generat ion of the  di- 
m e t h y l  fumara te  dianion (DF ~- )  and the  c innamo-  
nitri le  radical an ion . - - In  the DF-CN mixed system, the 
current  dip anticipated at potentials where formation 
of the DF dianion commences, Eq. [17] does not occur, 
but  instead addit ional cathodic current  (Fig. 3a, re- 
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Fig. 7. Dimethyl fumarote (3.3 raM), cinnamonitrile (3.7 raM) 
equivalents electrolyzed vs. time ( t )  -nd current (i) vs. time ex- 
perimental curves. 
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gion 3) results.  
D F  + 2 e -  -~ DF2-  [17] 

A possible explanat ion  for the  increase in cathodic 
cu r ren t  here  is e i ther  the  format ion  of an  electroact ive 
cross-coupled d imer  

DF 2- + CN-~ [(DF) (CN)] 2- [18] 

or the  occurrence of the  redox  reac t ion  

DF 2- + CN-* D F :  + CN- [19] 

Ei ther  [18] or [19] would  be expected to compete  wi th  
po lymer iza t ion  of DF 

DF 2- + p D F - ~  (DF)p+ t  ~-  [20] 

resul t ing  in  increased currents .  

Dimethyl Fumarate-Acrylonitri le 

Dimethy[ fu~narate in the presence o~ acrylonitrile 
(AN).--Figure 8 i l lus t ra tes  typ ica l  disk cur ren t -po ten-  
t ia l  (curves a, b, and c) as well  as r ing  cur ren t -d i sk  
potent ia l  (curves d and e) scans obta ined at constant  
r ing  potent ia l  (Er = 0.0V vs. Ag-RE)  for DF in the  
absence (curves a, b, and d) or presence (curves c and 
e) of AN. The significance of curve a has been ex-  
plained.  Curve b is a vo l t ammogram of a quiescent  
solut ion (~ = 0). Curve c is a repeat  of curve a fol- 
lowing the addi t ion of 0.2M AN. Curves  d and e rep-  
resent  the r ing cur ren t  recorded as a function of disk  
potent ia l  whi le  the disk electrode is s imul taneous ly  
undergoing the processes shown in curves  a and c, r e -  
spectively.  Values  of Nz  measured  in the  absence and 
in the  presence of AN are  given in Table  IIL In ap- 
p rox ima te ly  equimolar  concentrat ions there  is no ap- 
pa ren t  per turba t ion .  When  AN is present  in large  ex-  
cess, the  ra te  of decay of the d imethy l  fumara t e  radical  
is seen to increase  as a function of DF concentrat ion,  
but  not  to the  ex ten t  ant ic ipated  were  the  ECE mecha-  
nism a ma jo r  path.  The NK vs. 1-CONI plots for 
id <: id.DF are  consistent  wi th  the  t rend  pred ic ted  by  
digi ta l  s imula t ion  techniques for the  EC dimer iza t ion  
(mechanism I) being the p r i m a r y  reac t ion  pa th  (Fig. 
9). 

Cyclic vo l tammet r ic  studies revea l  tha t  the DF ? has 
a measurab le  l i fe t ime even in the  presence of 0.2M AN 

Table IIh RRDE collection efficiency data for the dirnethyl fumarate 
radical anion 

C o n c e n t r a t i o n  ( r a M )  

D F  A N  ~ ( s e c - D  NK 

4,0 0 47.6 0,480 
67.2 0.501 

4.0 ,...4 47.6 0,475 
67.2 0.500 

4,8 0 47.6 0.436 
4.8 200 47.6 0.422 
8.3 0 4 7 . 6  0 , 3 9 4  
8 . 2  2 0 0  47.6 0 . 3 5 6  

(Fig. 10). The (Ep)c r emained  unchanged  but  (ip)c 
exhib i ted  a 5% decrease.  

Control led potent ia l  coulometr ic  exper iments  em- 
ploying potent ia ls  sufficient to reduce DF to the  radica l  
anion but  insufficient to reduce AN were under taken.  
The resul ts  a re  presented  in Table  IV. The napp-values 
given for a single solution were  obtained by  the add i -  

N K 
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Fig. 9. Collection efficiency (NK) vs. 1 -CONI  at ~ ~ 47.6 
sac -1  for 4.0 mM (o) and 4.8 mM (*) dimethyl fumarate solution 
in the presence of 0.2M acrylanitrile. Solid lines are theoretical 
curves corresponding to mechanism I and X K T C  - -  (a) 0.12 and 
(b) 0.25. 
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Fig, 8. DJmethyl fumarate (4.8 raM) RRDE valtammograms; (a) 
id vs. Ed, ~ - -  47.6 sec-Z; (b) id vs, Ed, ~ = 0; (c) id VS. Ed, ~ = 
47.6 sac -z ,  AN (0.2M) present; (d) ir vs. Ed, Er = 0.0V, ~ = 
47.6 sac- l ;  and (e) ir vs. Ed, Er ~ 0.0V, ~ ~ 47.6 sac- l ;  0.2M 
AN present. 
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Fig. 10. Dimethyl fumarate (4.8 raM) cyclic voltammograms re- 
carded at 0,1 V/see; (a) acrylonitrile absent, (b) acrylonitrile 
(O1M)  present. 
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Table IV. Coulometric results for mixtures of dimethyl fumarate 
and acrylonitrile a 

M o l e s  p r e s e n t  

S o l u t i o n  E (vs .  SCE)  D F  ( • 10 ')  A N  h a r p - v a l u e  

1 -- 1.625 0 .66 0 0.62 
2 -- 1.4S0 1.10 E q u i m o l a r  0.62 

-- 1,600 0 .98  E q u i m o l a r  0.76 
--  1.525 1.07 E q u i m o l a r  0 .78 
-- 1.450 1.02 E q u i m o l a r  0.79 

3 -- 1,750 1.09 L a r g e  exces s  0.77 
-- 1,550 1.00 L a r g e  exces s  0.80 

6 T h e  s o l u t i o n  w a s  0.15M TBAI in D M F  a n d  t h e  w o r k i n g  e l e c -  
t r o d e  w a s  P t .  

t ion of a DF sample  fol lowing exhaus t ive  e lectrolysis  
of the previous  sample.  The average napp was 0.78. 
Thus, the  presence of AN does per turb,  on the  coulo- 
metr ic  t ime scale, the fol lowing react ion of the DF 
radical .  Whether  this  pe r tu rba t ion  in the  napp resul ts  
f rom some cross-coupling or f rom in ter ference  by  the  
AN in some other  manner  wi th  the  react ions which  
resul t  in the  napp-value less than one in the absence 
of AN (e.g., polymer iza t ion) ,  it is difficult to de te rmine  
wi th  the  expe r imen ta l  evidence at  hand. Were  n~pp 
grea te r  than  one, cross-coupling by  an  ECE pa th  would  
have been probable .  

Electrochemical generation of the DF dianion.--The 
DF-AN sys tem differs f rom the DF-CN system in tha t  
format ion  of the  DF dianion occurs p r io r  to the first 
reduct ion  step of the  R'  species (AN),  as can be seen 
by  compar ing curve a to c (Fig. 8). Fur ther ,  the  DF 
radical  anion is detected by  the r ing  e lect rode over  a 
g rea te r  potent ia l  range  in the  presence of AN (Fig. 
Be) when  compared  wi th  the potent ia l  range for de-  
tect ion of the  radica l  anion in the absence of AN (Fig. 

8d).  In  o ther  words,  in the  presence of AN, D F -  is 
being genera ted  in a potent ia l  region no rma l ly  associ- 
ated wi th  format ion  of the DF dianion. The anodic 
cur ren t  measured  at  the  r ing e lect rode (curve e) is 
now seen to decrease at  d isk  potent ia ls  corresponding 
to reduct ion  of AN (curve c) at  potent ia ls  more  
negat ive  than  those necessary to form the D F  dianion 
(curve  a) .  A possible explana t ion  is the  occurrence of 
a r ap id  oxida t ion-reduct ion  react ion consuming d i -  
me thy l  fumara t e  d ianion and acry lon i t r i l e  pa ren t  and  
y ie ld ing  the rad ica l  anions of DF and  AN 

DF 2- q- AN-> DF- q- AN- [21] 

Thus, the amount of DF radical anion reaching the 
ring electrode remains relatively unchanged up to 
disk potentials corresponding to reduction of AN. 
Other possible explanations of this occurrence include 
the stabilization of the DF dianion by AN toward 
fragmentation or polymerization. However, no oxida- 

tions other than the oxidation of DF- were observed 
on varying the ring potential in RRDE voltammetry or 
on reversal in cyclic voltammetric experiments. In 
addition, the fact that the ring current does not 
change significantly at the more negative potentials 
is another indication that the identity of the species 
in transit to the ring is not a function of potential. 
Another possible explanation for this occurrence is the 
stabilization of the DF parent toward acceptance of 
the second electron. This, too, however, does not seem 
likely, since one would likewise expect stabilization 
of the DF parent species to acceptance of the first 
electron, and this is not observed. 

Discussion 
The mixed  sys tem resul ts  indicate  tha t  the  mechan-  

ism which  serves as the p r ima ry  route  for the  dis- 
appearance  of the  d imethy l  fumara te  rad ica l  anion is 
not  a l tered apprec iab ly  by  the  presence of a second 
olefin which  is i tsel f  not  e lec t roact ive  at  potent ia ls  

sufficient to produce the  D F  rad ica l  anion under  the  
condit ions of our exper iment .  Fur ther ,  the  veloci ty  of 
the  radical  decay remains,  wi th in  exper imenta l  error,  
unchanged f rom the veloci ty  measured  in the  absence 
of the  second olefin when  the second olefin is p resen t  
in amounts  about  equal  to tha t  of DF; when  AN is 

present  in large  excess, D F -  decay increases to some 
extent .  Considering the  a rguments  presented,  these 
RRDE resul ts  confirm the conclusion (1) tha t  the  ma jo r  
pa thw a y  in the  e lec t rodimer iza t ion  of d ime thy l  fuma-  
ra te  in anhydrous  DMF is the  EC dimer iza t ion  pa th  
(Eq. [16]).  

The in te rp re ta t ion  of the  processes fol lowing the 
first DF reduct ion  wave  is more  difficult. In  the  case 
of the DF-CN system, the CN one-electron reduct ion 
occurs pr ior  to the  DF two-e lec t ron  reduct ion and 
appears  unpe r tu rbed  up to potent ia ls  necessary for  
format ion  of the  d imethy l  fumara te  dianion. Analys is  
of the r ing currents  at  var ious  r ing  electrode potent ia ls  

reveals  tha t  the  s tabi l i ty  of the  C N :  is decreased f rom 
its va lue  in the  absence of DF. This addi t ional  in-  
s tabi l i ty  is a t t r ibu ted  main ly  to the  e lect ron t ransfe r  
react ion be tween  DF paren t  and CN radica l  anion, 
forming DF radical  anion and CN parent .  This hy-  
pothesis  is suppor ted  b y  resul ts  of control led  potent ia l  
coulomet ry  conducted at  e lect rode potent ia ls  where  the 
radical  anions of both DF and CN are formed which 
qua l i t a t ive ly  indicate the  occurrence of two indepen-  
dent  react ions  and quan t i t a t ive ly  indicate  l i t t le  or no 
change in the coulometr ic  napp-value for the  reduct ion 
of DF. 

In the DF-AN system, the reduct ion of DF to the 
dianion occurs pr ior  to reduct ion of AN. Thus, simul- 
taneous genera t ion  of the  DF and AN rad ica l  anions 
is not  possible. The  DF cur ren t -po ten t ia l  curve does 
not exhibi t  a dip at the second reduct ion potent ia ls  
when  AN is present .  Fur ther ,  the  r ing cur ren t  resul t -  
ing f rom oxidat ion  of the  DF rad ica l  anion extends  
into the  region of disk  potent ia l  no rma l ly  associated 
with  format ion of the  DF dianion and falls  off only 
when the AN reduct ion commences.  Here again the  
poss ibi l i ty  of a redox reaction, this  t ime involving the 
DF dianion, seems l ikely.  That  the r ing cur ren t  p la teau  
does not  change significantly at  these potent ia ls  f rom 
its value in the disk potent ia l  region where  format ion  
of the  DF radica l  anion occurs would  lead one to con-  
clude tha t  the  DF radica l  anion is the  e lect roact ive  
species being produced.  

I t  is necessary to compare  the resul ts  found here  
wi th  previous  studies of cross-coupl ing (4-7, 13). Our  
findings demons t ra te  tha t  the  DF-CN and  DF-AN sys- 
tems do not  fol low the pa th  where  cross-coupl ing 
occurs when the radical  ion of only one species is 
produced in the presence of an equimotar  concentrat ion 
of the  second olefin. Fo r  DF-AN concentra t ion rat ios 
of app rox ima te ly  I to 40 and 1 to 25, a s l ight ly  acceler-  
a ted decay of the  DF radical  ion is observed, perhaps  
due to cross-coupling. Certainly,  the cross-coupling 
reac t ion  wil l  be favored by  ve ry  high concentrat ions 
of the  second olefin. When  radica l  ions of both re-  
actants  are  produced,  t hen  the  electron t ransfe r  r e -  
act ion must  be considered in addi t ion to, or as a path 
to, the  cross-coupling reaction. Baizer  and co-workers  
(6) s tudied the  cross-coupling reac t ion  of the  cis- 
isomer d ie thy l  malea te  (DEM) and  AN and showed 
apprec iab le  cross-coupled product  format ion at  po-  
tent ia ls  whe re  only the DEM radical  ion is produced.  
Baizer  also found coupling of DEF wi th  AN under  
condit ions of a ve ry  high rat io  of AN to DEF (DEF 
added dropwise  to AN containing t e t r ae thy lammonium 
p- toulene-su l fonate  and a smal l  amount  of wa te r )  (4). 
Baizer  and  Chruma (14) have  recen t ly  repea ted  this 
exper imen t  and found subs tant ia l  quant i t ies  of cross- 
coupled product  (about  one-fifth of the amount  of 
the  hyd rod imer  of DEF, t e t r ae thy lbu tane  t e t r aca rb -  
oxyla te )  and no AN reduct ion products.  The amount  
of cross-coupled produc t  when  DEM and AN are  used 
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Fig. 11. Cyclic voltammograms at 200 mV/sec on a Pt working 
electrode: (a) diethyl maleate (3.9 raM), TBAP (0.15M), DMF; (b) 
diethyl maleate (3.9 raM) after the addition of AN (0.2M): (c) 
dimethy| fumarate (3.7 raM) in the presence of dlethyl maleate and 
AN. 

appears  h igher  (6). On p re l imina ry  consideration,  one 
would  pred ic t  tha t  the  D E F - A N  and the D E M - A N  
react ions would  fol low ident ical  pa thways ,  since DEF 
and DEM ul t ima te ly  produce the same radical  anion 
on reduct ion  (15). However ,  recent  resul ts  in our  
l abo ra to ry  have  shown tha t  the  behavior  of DEM is 
ve ry  different  from tha t  of DEF. DEM is more  difficult 
to reduce than  its trans-isomer form, DEF; in addition, 
the  d ie thyl  malea te  rad ica l  anion undergoes  fast 
isomerizat ion to form the d ie thy l  fumara t e  radica l  and  
i t  appears  tha t  the  d i rec t ion  of the  isomerizat ion l ies 
exc lus ive ly  t oward  the  trans form (16, 17). F igu re  11 
is a cyclic vo l t ammogram of a DEM-TBAP-DMF solu- 
t ion i l lus t ra t ing  this isomerization.  Fol lowing  addi t ion  
of excess AN, the  wave  shape becomes a l te red  and no 
anodic cur ren t  is observed  on reversa l  (Fig. l l b ) .  
However ,  a cyclic vo l t ammogram of the solution taken  
af ter  the  addi t ion of d imethy l  fumara t e  shows tha t  
the  DF wave  shape is qua l i t a t ive ly  una l t e red  f rom 
tha t  r epor ted  (1) and  tha t  anodic cur ren t  is observed 
on reversal .  One must  conclude on the  basis of this  
series of vo l t ammograms  tha t  the  c/s-radical  anion 
reacts  wi th  AN pr ior  to isomerizat ion,  whereas  the  
trans-radical anion is more  s table  wi th  respect  to re-  

act ion wi th  AN. Cross-coupling of d ie thy l  ma lea t e  and 
AN at potent ia ls  where  only the d ie thyl  malea te  is 
e lect roact ive  and indeed, the  occurrence of increas-  
ing ly  g rea te r  amounts  of cross-coupled produc t  wi th  
increas ingly  negat ive  e lec t rode  potent ia l  when  e lec t ro-  
lyzing a mix tu re  of DEM and DEF in the presence of 
AN can be expla ined  in the  l ight  of the  above observa-  
tions. Fu r the r  exper iments  are  cur ren t ly  under  way  
to uncover  the  na tu re  of the  difference be tween  the 
reac t iv i ty  of the trans- and c/s-isomers. In  conclusion 
these exper iments  demons t ra te  tha t  cross-coupl ing 
wil l  compete  wi th  d imer iza t ion  only when the rat io  
of the  second olefin (e.g., AN) to the  reduced  olefin 
(DEF)  is ve ry  large, and  tha t  cross-coupling can 
p robab ly  be car r ied  out more  efficiently by  reducing 
both reac tants  (7). 
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