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Electrohyd rodimerization Reactions 
V. Liquid Ammonia as a Solvent for Reductive Coupling of 

Diethyl Fumarate, Cinnamonitrile, and Acrylonitrile 
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ABSTRACT 

Cyclic vo l tammet r ic  (CV) and control led potent ia l  coulometr ic  inves t iga-  
tions of the reduct ion of severa l  ac t iva ted  olefins in anhydrous  l iquid ammonia  
containing e i ther  0.1M m e t h y l - t r i - n - b u t y l a m m o n i u m  iodide or 0.1M potass ium 
iodide as suppor t ing  electrolytes  are  reported.  Fo r  d ie thyl  fumara te  and cin-  
namoni t r i l e  the  studies provide  evidence for format ion  of a rad ica l  anion, 
which undergoes  d imer iza t ion  and polymer iza t ion  reactions,  and of dianion 
format ion  at  more  negat ive  potentials .  The effect of adding isopropanol  and 
glacial  acetic acid was also invest igated.  

The reduct ion of ac t iva ted  olefins in aprot ic  media  
has been the subject  of numerous  invest igat ions  [see 
(1, 2) and references  there in] .  Diact ivated olefins (R) 
react  via format ion  of the  radical  anion and produce, 
depending upon the ac idi ty  of the  medium, hyd ro -  
d imer  (R2H2), reduced  monomer  (RH2), and polymer .  
At  more  negat ive  potent ials ,  where  dianion is p ro -  
duced, extens ive  po lymer iza t ion  appa ren t ly  occurs, so 
tha t  the  second reduct ion waves  observed in vo l t am-  
m e t r y  are f requen t ly  much smal ler  t han  the f i r s t  
waves. We have prev ious ly  shown tha t  anhydrous  
l iquid ammonia  is a useful  med ium for studies of the 
e lec t roreduct ion  of organic  compounds (3, 4) and tha t  
s table dianions of benzophenone and ni t robenzene 
could be p repa red  in this solvent.  This s tab i l i ty  of 
radical  anions and dianions in ammonia  can be a t -  
t r ibu ted  to the  low acidi ty  of the solvent, the  possi-  
b i l i ty  of p repar ing  h igh ly  pure  solutions th rough  the 
use of vacuum l ine techniques and solvent  t r ea tmen t  
wi th  sodium, and the  fact  tha t  these studies are  car-  
r ied  out at low tempera tures ,  decreasing the ra te  of 
homogeneous chemical  react ions  fol lowing the e lec t ron 
t ransfe r  steps. Previous  studies of ama lgam reduct ions 
leading to hydrod imer iza t ion  in l iquid  ammonia  have 
also been descr ibed (5). In  this  paper  we descr ibe p re -  
l imina ry  cyclic vo l tammet r ic  and coulometr ic  exper i -  
ments  on the reduct ion of severa l  ac t iva ted  olefins in 
l iquid  ammonia ;  the  s t ructures  of the  substances 
s tudied are  shown be low 

RI.. /H  
/C=C~ 

H R2 

Diethyl fumarate (DEF) 0 
rl 

R, ---- 1%2 = --C--O--CH2CHs 

Cinnamonitrile (CN) RI ---- --C8H5 R2 = --CN 

Acrylonitrile RI ---- H l~z ---- --CN 
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Experimental 
Genera l  exper imen ta l  techniques were  the same as 

those r epor t ed  prev ious ly  (2-4) ;  a deta i led descr ipt ion 
is avai lable  (6). The fou r - compar tmen t  cell, conta in-  
ing separa te  chambers  for the  working,  reference,  and 
aux i l i a ry  electrodes,  and an in te rmedia te  chamber  be -  
tween  the working  and aux i l i a ry  compar tments  was 
employed.  A gold work ing  microelectrode,  pol ished 
wi th  AB A L P H A  pol ishing a lumina  (Buehler  Limited,  
Evanston, I l l inois)  before  each exper iment ,  was em-  
p loyed  in cyclic vo l tammet r ic  exper iments  and a 3 cm 
by 8 cm p la t inum elec t rode  was used in coulometry.  A 
s i lver  wire  (Ag. R.E.) isolated in a separa te  compar t -  
ment  closed wi th  a s in te red-g lass  disk was used as 
reference electrode. Al l  exper iments  were  car r ied  out  
wi th  a Pr ince ton  Appl ied  Research Corpora t ion  Model 
170 e lec t rochemis t ry  sys t em using posi t ive feedback  
resistance compensation.  Al l  exper iments  were  con- 
ducted on a high vacuum line (10 -5 Torr)  at  --43~ 

Results and Discussion 
Diethyl $umarate.--The cyclic vo i t ammet r i c  (CV) 

reduct ion of DEF in DMF solut ion shows a fa i r ly  r e -  
vers ible  first reduct ion  wave  at  fast  scan rates  and  
has been character ized by  revers ib le  reduct ion  to the 
radical  anion fol lowed by  a coupl ing  reac t ion  (2). The 
second reduct ion wave  is ve ry  smal l  or even charac-  
ter ized by  a cur ren t  decrease in  po la rog raphy  or RDE 
vol tammetry ,  which has been  ascr ibed to product ion  
of the  dianion which ini t ia tes  a r ap id  po lymer iza t ion  
react ion removing pa ren t  f rom the  vic ini ty  of the  elec-  
trode. In  l iquid  ammonia ,  the  CV reduct ion occurs in 
two revers ib le  waves  at  fast scan ra tes  (Fig. l a )  wi th  
the  reversa l  wave  heights  decreasing at  s lower  scan 
rates  (Fig. lb)  indicat ing decomposi t ion react ions of 
the  e lec t rogenera ted  species. Typical  da ta  for CV ex-  
pe r iments  for DEF are  shown in Table  I. The theory  
of CV for e lectrode react ions wi th  fol lowing d imer iza-  
t ion react ions has been presented  (7, 8) ; appl ica t ion  of 
this  theory  in es t imat ing the  ra te  constant  for the  
d imer iza t ion  step f rom the var ia t ion  of ipa/ipc for the  
first redu.ction wave  yields  a value  of about  0.1 M-1 
see-1. 
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Table I. Cyclic voltammetric data for reduction of diethyl fumarate in liquid ammonia a 

First wave Second wave 
Concentra- Scan rate v 
ton, C (raM) (mV/sec) ipe (//~k) ~pa/ipe -Epc b (V) ipc (/LA) ipa/ipc --Epcb (V) 

A. 0.1M iViethyl-tri-butylammonium iodide 

1,5 50 28 0.41 0.87 10 0.42 1.40 
I00 36 0.48 0.88 16 0.87 1.41 
200 49 0.64 0.89 24 0.86 1.42 
500 71 0.87 0.91 52 0.96 1.45 

20,000 620 1.0 0.94 450 1.0 1.50 
f~c(1)/vz]~C = 1.95 

3 60 49 0,64 0.87 13 0.66 1.40 
100 63 0.54 0.88 24  0.33 1.41 
200 84 0.60 0.90 41 0.68 1.44 
500 123 0.78 0.92 82 0.9 1.48 

~,p~ (1)/vl/~C = 2.0  

4.6 50 65 0.50 0.85 15 0.46 1.42 
100 90 0.53 0.86 29 0.43 1.39 
200 128 0.53 0.87 56 0.70 1.40 
SO0 200 0,67 0.88 120 0.80 1.42 

tDc(1) /vZ/ '~C = 2 . 4  

2.3 

B. 0.1M KIo 
50 12,5 0.74 1.33 

100 22.5 0.75 1.34 
200 29 0.76 1.35 
SO0 38 0.77 1.37 

ipe ( I ) / v Z l ~  = 0.98 

a S o l u t i o n  conta ined  indicated  support ing  e lec tro lyte  in anhydrous  l i q u i d  a m m o n i a .  
b VS.  A g - w i r e  r e f e r e n c e  e l ec t rode .  
c Second  reduct ion  w a v e  and reversal  w a v e s  w e r e  to  i l l - d e f i n e d  f o r  p r e c i s e  c u r r e n t  m e a s u r e m e n t s .  

The addi t ion  of a lka l i  meta l  ions has been  shown to 
increase the  ra te  of the  coupl ing react ion in DMF, 
p r o b a b l y  by  fo rmat ion  of ion pai rs  wi th  the  radica l  
anions (2). The CV reduct ion  of DEF is s imi la r ly  af-  
fec ted  by  the addi t ion  of KI  in l iquid  ammonia  (Fig.  

I.M 

= 
=D 

ooV- L/ 

I  ooA 

I ~ooA 

•/• I 40uA 

> 

-E, volt,vs.Ag 

Fig. !. Cyclic vo[tammograms of diethyl fumarate in liquid am- 
monia: (a) 1.75 mM DEF, 0.1M MTBAI, v = 20 V/see; (b) 3 mM 
DEF, 0.1M MTBAI, v = 0.2 V/see; (c) 3.5 mM DEF, 0.1M KI, v = 
0.2 V/sec. 

lc ) ,  a l though the kinet ics  of the  react ions were  not  
s tudied in this case. The addi t ion  of a th ree fo ld  excess 
of a proton donor, e i ther  the weak  acid, i sopropanol  
( i -P rOH) ,  or the s trong acid, acetic acid (HOAc) to 
the  DEF/MTBAI /NH8 system has essent ia l ly  no effect 
on the  first reduct ion  wave,  bu t  decreases the  reversa l  
cur rent  of the  second wave  and shifts the  second wave  
to more  posi t ive potent ials .  The ex ten t  of the  shift  in-  
creases l inear ly  wi th  the  log of the  p ro ton  donor  con- 
centrat ion;  for  acetic acid AEp/Alog[HOAc] ---- 39 mV; 
and for i -PrOH,  AEp/hlog[ i -PrOH] = 57 mV. These 
resul ts  suggest  tha t  p ro tona t ion  of the  radica l  anion 
species does not  occur, even  wi th  the  s t rong acid 
HOAc, whi le  the  d ianion reacts  wi th  acid. This scheme 
is reminiscent  of tha t  found  wi th  benzophenone (3), 
and the CV react ion order  t r e a tmen t  of Savdant  and  
Vianello (8) p robab ly  applies  here  as well.  F rom the 
l imi t ing slopes of the peak  shift  wi th  log pro ton  donor  
concentrat ion we find a react ion order  of dianion (m) 
and pro ton  donor  (mz) of 0.5 and 1.9, respect ively ,  for  
i - P r O H  and 0.4 and 1.2 for  HOAc. This ha l f -o rd e r  de-  
pendence on dianion is the  same as tha t  observed for 
benzophenone dianion and p r o b a b l y  indicates  kinet ic  
complicat ions in the  e lec t ron t ransfe r  react ion or  in-  
ter ferences  due to the d ianion po lymer iza t ion  reaction. 

Control led  potent ia l  coulomet ry  of DEF in the pres -  
ence'  of e i ther  MTBAI or KI  as suppor t ing  e lec t ro ly te  
(Table  I I )  at potent ia ls  beyond  the first reduct ion  
peak  show 7~app values  less than  one, even in  the  p re s -  
ence of pro ton  donor. This resul t  suggests, as do the 
s imi la r ly  low values  of napp in DMF, that  a s low po ly -  
mer iza t ion  reac t ion  of the radical  anion occurs on the  
coulometr ic  t ime  scale. CV exper iments  a f te r  coulo-  

Table II. Controlled potential coulometry results 

Concen- 
Corn- tration 
pound (raM) Conditions r~avp 

D E F  4.3 0.1M M T B A I  0.6 
i0 0.1M M T B A I  0.6 
20 0.1M M T B A I  + 40 mlVI i - P r O H  0,5 

D E F  7 0 .1M K I  0.4 
D E F  3 0.1M K I  + 14 r a m  H O A e  0.5 

10.4 O.IM M T B A I  0.16 
13.6 0.1M M T B A I  0.04 

C N  20 O.IM M T B A I  + 40 r a m  i - P r O H  0.27 
A N  3 O.IM M T B A I  0.05 

14 O.IM M T B A I  0.17 
10 0.1M K I  + 10 m M  i - P r O H  0.96 

A N  20 O.1M KI  + 20 mlVl i - P r O H  0.88 
AN 20 0.1M KI + i0 mM HOAe 2 
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metric reduct ion showed no reduct ion or oxidation 
peaks. 

i,M 
Ir 

1400 uA 

20.A 

�9 . 

> 

-E,velt,vs.Ag 

Fig. 2. Cyclic voltammograms of 3.2 mM cinnamonitrile in liquid 
ammonia containing O�9 MTBAI with a v of (a) 20 and (b) 0.2 
V/sec. 

Cinnamonitrile.--The CV reduct ion of CN at high 
scan rates (Fig. 2) also shows two reduct ion waves 
with appreciable anodic currents  on reversal. Typical 
CV data for CN are shown in  Table III. At slower scan 
rates the second reduction peak decreases in size and 
the reversal  currents decrease. For CN, as opposed to 
DEF, the value of ip/vl/2C decreases significantly with 

Table III. Cyclic voltammetric data for reduction of cinnamonitrile 
in liquid ammonia a 

C o n c e n -  S c a n  
t r a t i o n ,  C r a t e ,  v /pc --Epc b --E~c c (2) 

( raM) ( m Y / s e e )  (~a) (V) (V) 

1.6 50 38 1.27 
100 55 1.28 
200 73 1.28 
500 105 1.33 

ipclv~/sC = 3.3 

3.2 80 52. 1.26 
100 88 1.27 
200 120 1.28 
500 140 1.36 

ipdvl/sC = 3.1 
7.2 50 82 1.27 

100 133 1.27 
200 195 1.28 
500 260 1.83 

ipclvl/~C = 2.2 

10 50 127 1.25 
100 175 1.27 
200 240 1.28 
500 300 1.34 

~p�9 = 1.6 
20 50 170 1.24 

1O0 212 1.25 
200 280 1.27 
500 395 1.35 

ipclv~l~-C = 0.8 

1.90 
1.86 
1.88 
1.90 

1 . 9 0  r 

1.90 
1.90 
1.83 

a S o l u t i o n  c o n t a i n e d  O.IM M T B A L  
b F i r s t  w a v e ,  V v s .  A g - w i r e  r e f e r e n c e  e l e c t r o d e .  
c S e c o n d  w a v e .  P e a k  too  i l l - d e f i n e d  a t  h i g h e r  c o n c e n t r a t i o n s  f o r  

p r e c i s e  m e a s u r e m e n t .  

increasing concentrat ion of CN, suggesting that the 
polymerizat ion reaction of the radical anion is impor-  
tant, even on the CV time scale. Trea tment  of the 
ipa/ipc data for the first reduction wave, assuming a 
following coupling reaction of the radical anion, yields 
a dimerization rate constant of about 5.7 M -1 sec -1. 
The CV behavior  in the presence of proton donor re-  
sembles that of DEF: the first wave is unaffected by 
additions of i -PrOH or HOAc, while the second wave 
is shifted to more positive potentials. The l imit ing Ep 
vs. log proton donor concentrat ion plots for the second 
wave yield reaction orders m and mz of 0.4 and 2, re-  
spectively, for i -PrOH and 0.7 and 1 for HOAc. Con- 
trolled potential  coulometry of CN (Table II) in the 
absence of proton donor or with i -PrOH showed very 
low napp values suggesting abundan t  polymerization�9 

Acrylonitrile.--The CV reduction of AN at all scan 
rates up to 20 V/sec in both MTBAI and KI electro- 
lytes occurs in  a single i rreversible wave (Fig. 3); 
typical CV data are shown in Table IV. The very low 
ip/vl/2C values observed with MTBAI as electrolyte 
are evidence of a very rapid polymerizat ion of AN, as 
is also observed in aprotic solvents in the absence of 
proton donor. In  the KI electrolyte however the 
ip/vl/2C values are larger and closer to those of DEF 
and CN. Controlled potential  coulometric reduction of 
AN (Table II) also shows evidence of polymerizat ion 
in MTBAI. In  a KI  ~ i -PrOH medium, however, napp 
values close to one are obtained, suggesting significant 
formation of the hydrodimer  product. Product  analysis 

Table IV. Cyclic voltammetrlc data for reduction of acrylonitrile 
in liquid ammonia 

C o n c e n t r a -  S c a n  r a t e ,  v ipc --Epc (V vs .  
t i on ,  C (raM) ( m V / s e c )  (/~A} A g  R.E.)  

A.  0 .1M M e t h y l - t r i b u t y l  a m m o n i u m  iod ide  

4.3 

5.8 

8.6 

11.5 

14.6 

23.2 

50 
100 
200 
500 

~pc/vl/2C ~ 0,55 

60 
100 
200 
5O0 

Zpc/Vl/~C = 0.25 

60 
100 
200 
500 

~pclV~l~C = 0.07 

50 
100 
200 
500 

zpc/vll2C = 0.13 

50 
100 
2OO 
500 

~pclv~l~C = 0.06 

50 
100 
200 
500 

~pc/vll2C = 0.11 

12 1.86 
20 1.86 
24 1.91 
27 1.96 

5 1.78 
9 1.83 

15 1.86 
23 1.98 

10 1.84 
12 1.66 
16: 1.86 
19 1.96 

6 1.86 
10 1.86 
18 1.90 
29 2.05 

18 1.91 
20 1.90 
24 1.91 
37 1.96 

16 1.93 
21 1.99 
28 2.00 
49 2.06 

B. 0.1M Potassium iodide 

5.8 50 65 1.61 
100 120 1.62 
200 205 1.64 
500 288 1.67 

ipclv~i2C = 1.7 

10.3 rio 70 1.62 
i00 130 1.64 
200 220 1.63 
500 340 1,70 

ipc/Vll2C = 1.8 
11.,5 50 55 1.62 

i00 9~ 1.64 
200 225 1,68 
500 430 1.70 

ipclvl/2C = 2.1 
20.12 60 98 1.62 

I00 135 1.63 
200 195 1.64 
500 835 1,67 

i~,c/v~/~C = i 
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I I I 

1.6 1.8 2.0 

-E,volt,vs Ag 

Fig. 3. Cyclic voltammograms of aerylonitrile in liquid ammonia; 
(a) 5.75 mM acrylonitrile, 0.1M MTBAI, v ~ 0.2 V/sec; (b) 5.16 
mM acrylonitrile, 0.1M KI, v ---- 0.2 V/sec Curves are of same form 
at higher scan rates. 

of these solutions by  gas ch romatography  was a t -  
tempted,  bu t  unambiguous  analyses  were  not  obtained.  
The addi t ion of HOAc yields  napp values  near  2, p rob -  
ab ly  s ignal l ing the  product ion  of some of the  two-  
e lec t ron p ro tona ted  product ,  propioni t r i le ,  in  the  p res -  
ence of s t rong acid. 

The p re l im ina ry  resul ts  show the  format ion  of r ad i -  
cal anions and dianions of the  d iac t iva ted  olefins DEF 
and CN and  suggest  tha t  wi th  the  addi t ion  of sui table  
amounts  of proton donor, hydrod imer iza t ion  react ions  
can be car r ied  out in  l iquid ammonia .  Af t e r  this paper  
was submit ted,  a communicat ion  by  Chiba et al. (9) 
appeared,  in which the e lec t ro ly t ic  reduct ion  of acry lo-  
n i t r i le  in l iquid ammonia  containing ammonium pe r -  
chlorate  as suppor t ing  e lec t ro ly te  at  a me rc u ry  ca th-  
ode was described.  These authors  found a high y ie ld  
of adiponi t r i le  wi th  some format ion  of propioni t r i l e  
under  these condit ions wi th  constant  cur ren t  e l ec t ro ly -  
sis. 

A c k n o w l e d g m e n t  
The suppor t  of the  Nat ional  Science Founda t ion  

(GP 31414X) and fe l lowship suppor t  to Iu l iana  Var -  
t i res  by  the In te rna t iona l  Research and Exchanges  
Board is g ra te fu l ly  acknowledged.  

Manuscr ip t  submi t ted  Jan.  20, 1975; rev ised  m a n u -  
script  received March 20, 1975. 
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Al l  discussions for the  June  1976 Discussion Section 
should be submi t ted  by  Feb.  1, 1976. 
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