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ABSTRACT 

Electrochemical oxidation of iminobibenzyl  and several related compounds 
has been investigated in acetonitrile. The mechanism of the oxidation is best 
described by an ECE process with coupling of the product of an ini t ial  one- 
electron oxidation in a subsequent  but  very fast reaction to form a dimeric 
compound that is fur ther  oxidized by an over-al l  two-electron process at po- 
tentials more negative than those required for oxidation of the parent  com- 
pounds. The electrochemistry of these compounds is complicated by the release 
of protons dur ing  the oxidation which protonate the s tar t ing materials and the 
neut ra l  dimerized products render ing them electrochemically inactive. Differ- 
ences in  the electrochemistries of the various coupled products are discussed in 
terms of s t ructural  variations. 

In  recent years considerable effort has been ex- 
pended in elucidating the mechanisms of electrolytic 
oxidation of heterocyclic n i t rogen and amine com- 
pounds as well as other ni.trogen containing species. 
[See Ref. (1) and (2) for reviews of the work in this 
area.] One of the prominent  characteristics of aromatic 
amines is oxidative coupling to form a variety of 
dimerized derivatives of the original parent  com- 
pounds. Certain heterocyclic n i t rogen compounds such 
as carbazole which may be considered as being de- 
r ived from diphenylamine  also undergo a similar 
coupling process on oxidation (3). 

The present  invest igat ion was ini t ia l ly  unde r t aken  
to compare the electrochemistry of imipramine  hy-  
drochloride, a widely prescribed ant idepressant  drug, 
with the electrochemical behavior  of the s t ructura l ly  
similar but  physiologically less active iminobibenzyl  
and 5-methyl iminobibenzyl .  We also felt it worthwhile  
to compare the electrochemistry of these compounds 
with that  of the related carbazoles(I)  whose p r imary  
s tructural  difference with the above compounds is the 
na ture  of the b iphenyl  linkage. 

The homogeneous oxidation of most of the present  
compounds along with a number  of carbazoles with 
chemical oxidants (e.g., 2,3-dichloro-5,6-dicyano-p- 
benzoquinone) has shown recent ly (4) that  all of the 
compounds undergo oxidative coupling with ul t imate  
formation o~ the cation radical salt of the coupled 
product. The electrochemical coupling of the carbazoles 
has been previously investigated by Ambrose and Nel-  
son (3) who showed that  the neut ra l  coupled products 
can be oxidized to corresponding cation radicals and 
dications at potentials negative of those for the oxida- 
t ion of the parent  compounds. The electrochemical 
behavior  of the carbazoles was consistent with an 
ECE mechanism with oxidative peak heights of the 
potential  sweep vol tammograms being twice those ex-  
pected for a 1-electron process (3). Controlled poten-  
tial electrolysis also gave an n value of 2. Ambrose 
and Nelson (3) proposed the following mechanism for 
the oxidative coupling of the carbazoles (3). 

RH. - -  e ~ RH + [1] 

kl 
2RH + --> R2 + 2H + [2] 

Rz -- e --~ R~ + [3] 

R~+ -- e ~--~ 1%2+ [4] 

* Elect rochemical  Society Ac t ive  Member .  
Key words: cyclic vo l t ammet ry ,  coulometry,  ox ida t ive  coupling. 

imipramine ,  5-methyl iminost i lbene.  

The chemical reaction in  Eq. [2] is undoubtedly  very 
rapid, since under  no circumstances was it possible to 
observe the reduction of the radical cation of the oxi- 
dized parent  (RH+).  In  nei ther  study (3, 4) were the 
investigators able to determine if the protons are lost 
before or after coupling. 

We report here the electrochemical oxidation of 
iminobibenzy l ( I I ) ,  5-methyl iminobibenzyl  (HI),  imi-  
pramine.HC104(IV) and 5-methyl iminos t i lbene(V) ,  
and the electrochemical behavior  of the products of 
the oxidation 

H 

I Carbazole 

R 

II R = H, iminobibenzyl  
III  R ---- CH~, 5-methyl iminobibenzyl  

H 
I 

IV R---- (CH2)3N(CI-I~)2+C104 - 
imipramine-  HC104 

cN 8 
V 5 -methyl iminos t i lbene  

Experimental 
The preparat ion of the compounds used in  this study 

has been described (4). Te t r abu ty l ammonium per-  
chlorate (TBAP),  the support ing electrolyte in  all 
experiments,  was of polarographic grade and pur -  
chased from Southwestern  Analyt ical  Chemicals. The 
TBAP which is contaminated with water  was dried 
under  vacuum at about  100~ for 24 hr. All  other 
chemicals were of reagent grade qual i ty and used 
without  fur ther  purification. 

Acetonitri le used as the solvent in these experiments  
was prepared from spectrograde acetonitr i le  by vac- 
uum distillation from P205 at room temperature.  The 
disti l lation was repeated at least three t imes with 
periodic f reeze-pump- thawing  to remove air. 
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Table I. ip /Cv ~/~ ratios and oxidation and reduction peak 
potentials for parent and product of the oxidation of parent 

a 
ip/Cvl/'J Ep oxb Ep oxb Ep redb 

Compound Parent Product 

C a r b a z o l e  s +0 .86  0.86, 0.56 0.6, 0.5 
I m i n o b i b e n z y l  17.9 + 0.48 0.42, 0.24 0.36, 0.18 
5 - M e t h y l i m i n o b i b e n z y l  18.3 + 0.61 0.48 0.40 
I m i p r a m i n e  HCIO~ c 17.7 + 0.75 0.61 0.55 
5 - M e t h y l i m i n o s t i l b e n e  17.9 + 0.58 -- 0.27 -- 0.30 
l O - M e t h y l p h e n o t h i a z e n e  a 16.1 

a ip  in  ~A,  C in  m M ,  v i n  V / s e c ,  W i t h i n  e x p e r i m e n t a l  e r r o r  t h e  
ip/Cvl/~ v a l u e s  w e r e  i n d e p e n d e n t  of  s w e e p  r a t e  b e t w e e n  0.2 a n d  
i0 V / s e c .  

b S w e e p  r a t e  = 0.2 V / s e c .  Ep v$. A g / 0 . 1 M  A g N O s .  
c I m i p r a m i n e  h y d r o c h l o r i d e  w a s  c o n v e r t e d  to  t h e  p e r e h l o r a t e  

b y  p a s s i n g  a n  a q u e o u s  s o l u t i o n  t h r o u g h  a n  a n i o n  e x c h a n g e  col-  
u m n  in  t h e  p e r c h l o r a t e  f o r m  a n d  f r e e z e  d r y i n g  t h e  e luen t .  

a A s t a n d a r d  o n e - e l e c t r o n  o x i d a n t  of s i m i l a r  g e o m e t r i c  s ize  to  
t h e  c o m p o u n d s  u n d e r  i n v e s t i g a t i o n .  D u e  to  t h e  s i m i l a r i t y  i n  s ize  
t h e  d i f f u s i o n  coe f f i c i en t s  s h o u l d  b e  n e a r l y  t h e  s a m e  f o r  a l l  c o m -  
p o u n d s .  

The cell used in this s tudy for coulometric and  
electrochemical characterizations was of conventional  
design (5). The working electrode for coulometry was 
a p la t inum gauze. The working electrode for cyclic 
vol tammetry  was a small  p la t inum disk electrode 
sealed in glass (~0.013 cm 2) and was polished before 
each use with 0.5# a lumina  polishing powder. The 
auxi l iary  electrode was a p la t inum wire and t h e  refer-  
ence electrode a silver wire  which for certain experi-  
ments  was in  contact wi th  a solution of 0.1M AgNO~ 
in acetonitrile; the potential  of this electrode was 
+0.333V vs. an  aqueous SCE. All  potentials are re- 
ported vs. this Ag/Ag + electrode. 

All  electrochemical experiments  were carried out 
under  an iner t  hel ium atmosphere in a Vacuum/At -  
mospheres Corporation (Hawthorne,  California) dry 
box. A PAR Model 170 electrochemical system (Prince-  
ton Applied Research Corporation, Princeton,  New 
Jersey) was used for the electrochemical experiments.  

Inf rared measurements  were made with a Beckman 
Model IR5A spectrophotometer (KBr pellets).  Mass 
spectra were obtained on a Bell & Howell Model 21- 
491 low resolut ion mass spectrometer. 

Results 
Iminobibenzyl . - -At  a vol tammetr ic  sweep rate of 

0.2 V/sec iminobibenzyl  shows an oxidation wave 
with Epa at +0.48V vs. the Ag/0.1M Ag + electrode. 
The height of this peak corresponded to that  for a 
one-electron process by calibration against the peak 
height for the known one-electron oxidation of 10- 
methylphenothiazene (Table I) .  This result  contrasts 
with the two-elect ron peak height previously observed 
for the carbazoles (3). On sweep reversal  two reduc-  
t ion peaks were observed with Epc'S at +0.36 and 
+0.18V (Fig. 1). Upon repeated cycling two new oxi- 
dat ion peaks were evident  at +0.42 and +0.24V. The 
peak potentials for iminobibenzyl  and the other com- 
pounds in this s tudy are summarized in  Table  I. 

Table II. Coulometric napp values for parent compounds and the 
products of a controlled potential oxidation of the parent 

compounds 

T~app OX 
Ttapp OX T~app r e d  of r ed  napp r e d  

Compound a Parent Product product of H+ 

I m i n o b i b e n z y l  2.02 0.96 0.94 0.95 
5 - M e t h y l i m i n o b i b e n z y l b  1.0 0.5 0,5 0.5 

2.2 0.93 0.9 0.98 
I m i p r a m i n e  HC10~ 0.92 0.45 0.44 1.5 
5 - M e t h y l i m i n o s t i l b e n e  0.95 0.45 0.43 0.47 

a T he  c o n c e n t r a t i o n  of 
e x p e r i m e n t s .  

b The  t w o  v a l u e s  l i s t ed  
in  t he  O- t  curve .  

c o m p o u n d  N1 m M  i n  a l l  c o u l o m e t r i c  

c o r r e s p o n d  to  t he  t w o  b r e a k s  o b s e r v e d  

0.6 

2.~ I 

Fig. 1. Cyclic voltammogram of 1.25 mM iminobibenzyl. Condi- 
tions: sweep rate = 0.2 V/sec; 0.1M TBAP supporting electrolyte; 
X-axis is E, V, vs. Ag/0.1M Ag + reference electrode. 

Controlled potential  electrolysis at +0.85V gave an 
napp value of 2 (where napp represents the coulombs 
of electricity per mole of electroactive compound) 
(Table II) which is twice the value indicated by the 
vol tammetry  results. The oxidized solution had an 
intense blue color. Cyclic vol tammetry  of the solu- 
tion following oxidation showed a redox couple cen- 
tered at about +0.5V (Fig. 2) and a hydrogen ion 
reduction wave commencing at about --0.5V. Con- 
trolled potential  coulometry of this solution indicated 
that the product of the ini t ial  oxidation could be 
reduced (at E ~- +0.2V) and then  reoxidized again 
(at E ---- +0.85V) with an na~p ---- 1. Controlled poten-  
tial reduct ion at --I .3V (following the oxidation at 
+0.85V) showed the release of one H + per parent 
molecule oxidized (i.e., napp ---- 1.0) during the initial 
oxidation at +0.85V. After the reduction of the pro- 
tons only the two redox couples observed after re- 
peated cycling of a solution of unoxidized parent 
were present  (Fig. 3). There was no evidence of any  

Fig. 2. Cyclic voltammogram of 1.25 mM imlnoblbenzyl after 
oxidative electrolysis at +0.85V. Conditions: Same as Fig. 1. 
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I 

Fig. 3. Cyclic voltammogram of 1.25 mM iminobibenzyl follow- 
ing electrolysis at -~0.85 and at --1.3V. Conditions: Same as 
Fig. 1. 

remaining parent  or the couple observed at -~0.5V 
following the init ial  oxidation at +0.85V. The separa- 
tion between Epa and Epc for each couple was 60 mV 
and indicates that  each couple corresponds to a one- 
electron process. Coulometry demonstrated that  a total 
of one electron was necessary to oxidize and then 
reduce both couples. In  the absence of protons the 
product of the oxidation of parent  at -t-0.85V behaved 
electrochemically in an ent i rely analogous m a n n e r  to 
the carbazole products where two one-elect ron couples 
were also seen. In  fact, except for the anomalous vol t-  
ammetric peak height observed for the parent  and 
the electrochemical behavior  of the product  of the 
oxidation of iminobibenzyl  in the presence of protons, 
the electrochemistry is similar to that for the car- 
bazoles. It seems l ikely therefore that  a similar mech- 
anism is operative in the case of iminobibenzyl  with 
ul t imate formation of a product  (YI) which, by anal-  
ogy with homogenous studies (4), probably  arises by 
coupling at the 2-position 

H H 

V1 

The rate of the coupling reaction is fast because no 
evidence was obtained for reduct ion of the parent  
radical cation during the vo l tammetry  experiments.  

In  order to confirm that VI is indeed the major  
product of the oxidation at +0.85V, an at tempt  was 
made to isolate the neut ra l  analog of V1 prepared 
by a controlled potent ial  reduct ion of a solution of ~ l .  
At the relat ively high solution concentrat ions neces- 
sary to isolate a reasonable quant i ty  of mater ial  (~-- 
20 mM), the electrochemistry of iminobibenzyl  was 
not as clean as observed at lower concentrations (~, 
1 mM). This is probably  because of precipi tat ion of 
the electrolysis products onto the working electrode. 
At these concentrat ions it was not possible to carry 
the oxidations or reductions to theoretical completion 
before the electrolysis currents  decayed to very small  
values. The solutions that  resulted upon  reduction 
of an oxidized solution of iminobibenzyl  contained 
significant quanti t ies  of unreduced mater ia l  as indi-  
cated by an intense b lu ish-green  color. Removing 
the acetonitrile solvent after reduction on a vacuum 
line followed by  dissolution of the solid in  benzene to 
separate the neut ra l  f rom most of the charged prod-  
ucts and extraction ,of the benzene solution with water  
to remove most of the remaining  charged species re-  

sulted on freeze-drying in a b rown solid with a 
slight violet tinge. Inf rared  spectra of this mater ia l  
showed a strong absorption at 805 cm -1. This is the 
same absorption expected for the iminobibenzyl  dimer 
with coupling at the 2-position (4), The parent  peak 
of a mass spectrum of this compound occurred at a 
molecular weight of 388 the same as the bibenzyl  
dimer. The mass spectrum also indicated the presence 
of minor  amounts  of higher molecular  weight ma-  
terials. 

Possible complications due to the presence of H + 
that may explain the anomalous behavior  of the 
coupled product and one electron peak height of the 
parent  will be discussed later. 

5-Methyliminobibenzyl.--Investigations of the homo- 
geneous oxidation of 5-methyl iminobibenzyl  have 
demonstrated a similar  coupling process as was found 
for iminobibenzyl  with coupling also taking place at 
the 2-position (4). In  view of this and the strong 
support ing evidence presented above demonstrat ing 
that the homogeneous and electrochemical oxidations 
of iminobibenzyl  result  in the same reaction product, 
it is assumed that the product of the electrolytic oxi- 
dation of 5-methyl iminobibenzyl  is s t ructural ly  sim- 
ilar to YI. 

5-Methyl iminobibenzyl  also had a vol tammetr ic  peak 
height on oxidation the same as that  expected for a 
1-electron process (See Table I).  On sweep reversal, 
a reduction peak approximately one-half  the height 
of the oxidation peak was observed (Fig. 4). The 
ratio of the two peak heights was independent  of 
sweep rate up to 10 V/sec. At a sweep rate of 0.2 
V/sec Epa and Epc were 0.61 and 0.40V, respectively. 
If cycling was continued, a new oxidation peak de- 
velops at about ~-0.48V. 

A number  of controlled potential  electrolysis ex- 
periments were performed with 5-methyl iminobiben-  
zyl. Q-t curves for electrolysis at ~-0.8V showed a 
sharp break at an napp value of 1. The oxidized solu- 
tions were an intense blue color. The slope of the Q-t  
curves after this break was small  but  definitely larger 
than  the slope usual ly  found after complete elec- 
trolysis. On cont inuing the electrolysis, another break 
in the Q-t curves was observed at an napp value of 
2-2.2. If the electrolysis was stopped after the first 
break (n  ---- 1) and a cyclic vol tammogram obtained, 
a redox couple was seen centered at +0.44V (Fig. 5). 
There was no evidence for the original peak at -t-0.61V. 
When the scan was continued to negative enough po- 
tentials, a number  of i rreversible and distorted peaks 
corresponding to proton reduct ion was seen between 
--0.3 and --1.2V. When the electrolysis was continued 
unt i l  napp ---- 2, cyclic vol tammetry  (with the ini t ial  
potential  at the potential  of the electrolysis) showed 
only the reduction peak at ~-0.4V. There were no 
oxidation peaks at -~0.48 or 0.61V. Stopping the elec- 
trolysis at -~-0.SV at any stage and electrolyzing at 

Fig. 4. Cyclic voltammogram of 0.85 mM 5-methylimlnobibenzyl. 
Conditions: Same as in Fig. 1. 
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0.8 

Fig. 5. Cyclic voltammagram of 0'.85 mM 5-methyliminobibenzyl 
after one electron of electrolysis at +0.SV. After two electrons of 
electrolysis the oxidation peak is nat observed. Conditions: Same 
as in Fig. I. 

+0.2V always resul ted in half  of the n u m b e r  of cou- 
lombs for reduct ion as had been passed dur ing oxida- 
t ion at +0.8V. The number  of electrons obtained in 
reduction at --1.3V after electrolysis at +0.2V was 
the same as the n u m b e r  that  had been obtained at 
+0.2V. Cyclic vo l tammetry  following this reduction 
at --1.3V showed oxidation waves at +0.48 and +0.61V 
(Fig. 6), unless a complete electrolysis had been 
carried out at +0.8V (napp ~ 2) at which time the 
+0.61V peak was absent. 

A mechanism consistent wi th  the above results is 
+ 

RH -- e ~ RH �9 [5] 
+ 

2RH" + 2RH-> R2 + 2RH2 + [6] 
+ 

Re -- e <-~-- Rz '  --  e ~ R2 +2 [7] 

K1 
RH2 + ~ R H  + H + [8] 

Ks 
R2 + H + ~----- R2H + [9] 

and /o r  
Ks" 

R2 + 2H + ~ R~H~ +2 [10] 

Equat ion [6] above implies no mechanistic in te r -  
pre ta t ion since it cannot be ascertained whether  cou- 
pl ing occurs before or after loss of a proton from the 

I 
0.8 ~ 0.0 t 

Fig. 6. Cyclic voltammogram of 0.85 mM 5-methyliminobibenzyl 
after one electron of electrolysis at +0 .SV followed by electrolysis 
at --1.3V. After two electrons of electrolysis, the oxidation peak 
at 0.61V is nat observed. Conditions: Same as in Fig. 1. 

cation radical. The proposed mechanism is the same 
as that  for carbazole except for the protonations of 
the neutra l  parent  and coupled product. The chemical 
reactions in  Eq. [6] are undoubted ly  very rapid as 
demonstrated by the absence of a reverse reduction 
peak accompanying the oxidation peak at +0.61V. 
The reduction peak at +0.40V and the oxidation peak 
at +0.48V correspond to the redox processes of Eq. 
[7]. Both redox processes occur at s imilar  potentials 
since only one peak is observed. The apparent  total 
one-electron oxidation of the 5-methyl  parent  plus 
coupled product;  whereas two would be expected by 
analogy to carbazole, comes about because of the 
protonat ion of the parent  molecule in Eq. [6] which 
renders the parent  molecule electrochemically inac- 
tive. By the time half the parent  has become oxidized 
the remaining  parent  is protonated. The small  residual 
slope of the Q-t curves after one electron of oxida- 
tion is due to the oxidation of the small amount  of 
parent  that  can remain  in  equi l ibr ium with protons 
and protonated parent, Eq. [8]. If the resul t ing dica- 
t ion is now reduced, the neut ra l  dimer itself can be 
protonated and rendered inactive to oxidation, Eq. [9]. 
This mechanism is consistent with the fact that  5- 
methyl iminobibenzyl  is a stronger base than  the re-  
lated carbazoles (vide infra) where protonat ion of 
parent  introduced no complications. 

In  an at tempt to ver i fy the role of protons, several 
experiments  were carried out in the presence of the 
nucleophile pyridine in the hope of scavenging pro-  
tons. When a large excess of pyr id ine  was present  
(~10:1) ,  cyclic vol tammograms indicated that  two 
electrons were transferred.  Controlled potential  elec- 
trolysis, however, showed that  eventual ly  in excess 
of four electrons were transferred.  Pyr id ine  apparent ly  
attacks the dication dimer forming a species that  is 
oxidized further.  The rate of the attack cannot be 
too rapid or else the vo l tammetry  and electrolysis 
would have indicated the same n u m b e r  of electrons. 
Cyclic vol tammetry  showed no evidence of the couple 
at +0.44 following an oxidation with a large excess 
of pyridine.  Also, the solution did not at tain the in -  
tense blue color found after electrolysis performed 
without  pyridine. If the electrolysis was carried out 
unt i l  the first break in the Q-t curves with a some- 
what  less than stoichiometric amount  of pyr id ine  fol- 
lowed by a reductive electrolysis at +0.2, the yield 
of the neutra l  dimerized product was 30% greater  
than was found in  the absence of pyr id ine  (napp : 
0.65 vs. 0.5, the t ime of the oxidative electrolysis was 
about the same).  Some proton scavenging is apparent ly  
taking place. Interest ingly,  pyr idine acted only as a 
proton scavenger in  the electrolysis of carbazoles (3). 

Experiments  were also performed with added acid. 
According to the proposed mechanism, the acid should 
protonate the parent  and no oxidation should be ob- 
served. Addit ion of equivalent  amounts  of acetic acid 
resulted in no change in the electrochemical behavior. 
However, when  acetic acid was in large excess (100: 1), 
the peak height of the +0.61V oxidation was some- 
what  diminished. At these concentrations of acetic 
acid a new smaller  peak approximately  100 mV posi- 
tive of the main  oxidation appeared. With equivalent  
amounts  of H2SO4, the +0.61V peak was absent  and 
the new peak at ~ +0.7V at tained its ma x i mum de- 
velopment,  about one- th i rd  the peak height of the 
original oxidation. Fur the r  addit ion of H2SO4 resulted 
in the disappearance of this peak also. The results 
suggest that  acetic acid is too weak an acid to pro-  
tonate the 5-methyl iminobibenzyl  parent .  Blank ex.- 
periments  where only support ing electrolyte and acid 
were present showed oxidative currents  in  the re-  
gion of the peak observed above at +0.TV. These 
currents  are probably due to added impuri t ies  such 
as water  which undergoes a pH dependent  oxidation 
in this region. 

Imipramine �9 HCIO4.--A number  of electrochemical 
experiments  were also performed on the HC104 salt of 
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I 

Fig. 7. Cyclic voltammogram of 1.0 mM imipramine HCI01. Con- 
ditions: Same as in Fig. 1. 

imipramine. After  reduction of the proton of the 
ter t iary amine group, the ter t iary amine probably 
serves as a base for scavenging protons. The electro- 
chemistry of the protonated imipramine was in all 
ways similar to 5-methyliminobibenzyl. An apparent 
one-electron oxidation was observed at +0.75V and 
an apparent  one-half electron reduction at +0.55V 
(Fig. 7). These ratios and numbers were confirmed 
with controlled potential oxidations and reductions. 
Reduction of the amine proton (--1.2V) apparently 
activated the amine group which was oxidized before  
0.75V. Controlled potential electrolysis at -t-0.9V in- 
dicated that  considerably more than two electrons 
were necessary for complete oxidation. The mech- 
anism, however, appeared to be complicated and was 
not pursued further. 

5-Methyliminostilbene.--Homogeneous oxidations of 
5-methyliminostilbene (4) have shown that the cou- 
pling process may be more complicated than with the 
related bibenzyl compounds. A possibility of coupling 
at both the 2 and 10 positions was postulated (4). 
Electrochemical oxidation might then be expected to 
result in a more complex product distribution than ~as  
observed with the above compounds. 

Cyclic voltammograms of 5-methyliminostilbene 
w e r e  characterized by two oxidation peaks at ~0.58 
and +I .0V at 0.2 V/sec (Fig. 8). The height of the 
0.58V peak corresponded to 1 electron (Table I) .  The 
peak at § 1.0V was more rounded and corresponded to 
about  0.2 electrons. On sweep reversal  a new redox 
couple was observed at --0.28V (peak separation ---- 
30 mV). There was no evidence for reduction of the 
oxidized parent (radical cation). Coulometry at W0.7V 
resulted in an initial napp ---- 1. The oxidized solution 
(with a yellow color) had a reduction peak at --0.30 
and an accompanying oxidation peak at --0.27 (Fig. 9). 
No evidence was seen of the original oxidation peaks at 
~-0.58 and + 1.0V suggesting that the -~I.0V peak may 
be oxidation of the parent or a species formed at 
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~-0.58V. Close inspection of the region around --0.28V 
showed evidence of another redox couple at somewhat 
more positive potentials suggesting that  at least two 
products may result from the oxidation at ~0.7V. Con- 
trolled potential reductions and oxidations of the 
couples-in the --0.28V region showed that one-half the 
number of electrons are required as are init ially con- 
sumed at ~-0.7V. Reduction of protons at --1.3 suggest 
that one proton is l iberated per parent  molecule oxi- 
dized. Reduction of protons results in the reappearance 
of the -~0.58 and ~-I.0V peaks (Fig. I0) which are 
about one-half of their original height. The mechanism 
of oxidative coupling of 5-methyliminostilbene at 
-~0.7V appears similar to 5-methyliminobibenzyl ex- 
cept more coupling positions are available. 

An apparent change in mechanism occurs when the 
oxidation is performed at a potential positive of the 
-pI.0V peak. Performing such an electrolysis resulted 
in an napp of about 1.85 and the product distribution 
appears to be much more complicated. The resulting 
products are reduced with one-half of the number of 
electrons required for the oxidation. Electrolysis at 
-- l .3V requires the same number of electrons as re-  
quired for reduction of the products of the oxidation. 

Discussion 
The general oxidative behavior of all of the above 

compounds is probably similar. The likely initial step 
in the oxidation is the formation of a cation radical of 
the parent compound. In a very fast follow-up reaction 
the cation radicals couple at the 2-position (except 
possibly for iminostilbene where more coupling modes 
are possible) with the loss of one proton per parent. 
The proposed mechanism now deviates from the car- 
bazole mechanism in that the parent and neutral 
coupled product may be protonated by the protons 
released during coupling and become electrochemically 
inactivated. A similar inactivation by released protons 
has been proposed for the anodic oxidation of N-a lkyl -  
anilines (6). 

Differences in electrochemical behavior between the 
compounds may in part  be explained by differences in 
basicity of the parents. A relat ively minor decrease in 
basicity of iminobibenzyl as compared to 5-methyl- 
iminobibenzyl would probably not increase the con- 
centration of unprotonated parent  that can remain in 
equilibrium with protons enough to have an easily 
measurable effect on the height of the oxidation wave. 
Because of the difference in time scale between poten- 
tial sweep and coulometric experiments, this relat ively 
small increase in unprotonated parent could have a 
significant effect on the shape of the Q-t curve. What 
might be expected would be a more drawn out Q-t 
curve with a less well-defined break. This is in fact 
the case with iminobibenzyl and supports the conten- 
tion that iminobibenzyl is less basic than the 5-methyl 
analogue. Protonation of the neutral  iminobibenzyl 
dimer might well be responsible for the merging and 
shifting of the two product couples observed in cyclic 

Fig. 8. Cyclic voltammogram 
of 1.0 mM 5-methyliminostilbene. 
1, 1st sweep; 2, 2nd sweep. Con- 
ditions: Same as in Fig. 1. 
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Fig. 9. Cyclic voltammogram of 1.0 mM 5-methyliminostilbene 
after electrolysis at +0.7V. Conditions: Same as in Fig. 1. 

1.2 {3.0 

Fig. 10. Cyclic voltammogram of 1.0 mM 5-methyliminostilbene 
after electrolysis at +0 .7V followed by electrolysis at --1.3V. 

vo l t ammet ry  of the pa ren t  compound as indica ted  by  
the reappearance  of these couples upon reduct ion  of 
protons.  

The difference in basici t ies  be tween  the present  com- 
pounds and the carbazoles  can be  exp la ined  in te rms of 
s t ruc tu ra l  considerat ions.  The p lana r  s t ruc ture  of the  
carbazoles  pe rmi t s  the  in te rac t ion  of the  lone pair  of 
e lect rons  on the n i t rogen  wi th  the  p i -e lec t rons  of the  
benzene r ings  mak ing  the lone pa i r  less nucleophi l ic  
and ve ry  much less basic. X - r a y  s t ructures  of imino-  
b ibenzy l - t ype  compounds of in teres t  in this s tudy  have 
not been obtained.  However ,  x - r a y  s tudies  of re la ted  
compounds (7) and other  considerat ions  (8) indicate  
that  the  e thylene  br idge  of iminobibenzyl ,  5 -methy l -  
iminobibenzyl ,  and imip ramine  prevents  easy a t t a in -  
ment  of a p l ana r  s t ruc ture  thus mak ing  the n i t rogen 
lone pa i r  more  avai lable .  Al though  some increase  in 
p l ana r i t y  is expected for 5 -methyl iminos t i lbene  due to 
the  unsa tu ra t ed  na tu re  of the  ethylefie l inkage,  con- 
s idera t ion  of molecular  models  indicates  tha t  this 
br idge  is h igh ly  s t ra ined  and some rota t ion out of the  
p lane  is expected  wi th  a subsequent  increase  in bas ic-  
i ty  as compared  to carbazole.  

The subt le  var ia t ion  in basici t ies  among the s tudied 
compounds is not  as easi ly  expla ined.  The grea te r  
basici t ies  of the  N-subs t i tu ted  iminobibenzyls  may  
pa r t l y  resul t  f rom the e lec t ron-dona t ing  proper t ies  of 
the a l iphat ic  subs t i tuents  on the nitrogens.  Compar i -  
sons of the changes in bas ic i ty  tha t  resul t  f rom sub-  
s t i tu t ing  an a l iphat ic  chain for hydrogen  in a va r i e ty  
of amine  compounds [e.g., pKa's  for an i l in ium and 
N ,N-d ime thy lan i l i n ium are  4.63 and 5.15, respec t ive ly  
(9)]  indicate  that  the  effect may  not be large.  1 How- 
ever, i t  m a y  be that  only  small  effects are  necessary to 
expla in  the  observed differences. An  a t t rac t ive  aspect  
of this exp lana t ion  is that  i t  m a y  exp la in  why  5- 
methy l iminos t i lbene  is appa ren t ly  a s t ronger  base than  
iminobibenzyl  even though it should be more planar .  
Argumen t s  a re  presented  be low tha t  suggest  tha t  
iminobibenzyl  is more planar ,  and therefore  less basic, 
than  5-methyl iminobibenzyl ,  pe rhaps  because of some 
nonbonding  in terac t ion  be tween  the n i t rogen methy l  
group and the benzene r ings  (9). Ster ic  h indrance  
a round  the n i t rogen a tom of iminobibenzyl  is wel l  
es tabl i shed  f rom N-a lky l a t i on  studies (10). Severa l  
a t tempts  were  made  at de te rmin ing  the pKa's for these 
compounds by  t i t ra t ion  of the  base - fo rms  in aceto-  
n i t r i le  wi th  perchlor ic  acid (made anhydrous  by  addi -  
t ion of an excess of acetic anhydr ide ) .  However ,  the  
bas ic i ty  of these compounds (less than  tha t  of acetate  

1 M o s t  P K a ' s  d e t e r m i n e d  a r e  f o r  a q u e o u s  so lu t i ons  w h e r e  as  pE:~'s 
f o r  n o n a q u e o u s  s o l v e n t s  w o u l d  be  m o r e  a p p r o p r i a t e .  F o r  c e r t a i n  
n o n a q u e o u s  s o l v e n t s  s u c h  as a c e t o n i t r i l e  ioK, ' s  a n d  the  d i !~erences  
b e t w e e n  p K a ' s  m a y  w e l l  be  m u c h  l a r g e r  t h a n  f o u n d  in  a q u e o u s  
sys t ems .  

ion) was too smal l  to show glass e lectrode responses 
l a rge r  than  the dr i f t s  we observed for this e lec t rode  
in changing f rom one ca l ib ra t ion  solut ion to another  
(up to 100 mV).  Moreover,  to account quant i ta t ive ly  
for the differences in these compounds,  differences in 
the ac id i ty  of the  ve ry  uns table  radica l  cations would  
also have to be considered. 

Differences in p l ana r i t y  should also have some effect 
on the  redox  potent ia ls  of these compounds.  Unfor-  
tunately,  the  i r revers ib le  na ture  of the fol lowing 
chemical  reac t ion  prevents  using peak  potent ia ls  as a 
re l iab le  guide  as to the  ease of oxida t ion  of the  paren t  
compounds a l though where  known the differences in 
potent ia ls  corre la te  wi th  the  differences in ionizat ion 
potent ia ls  (11). For  the most  pa r t  the  r edox  processes 
of the coupled products  are  revers ib le  or  n e a r l y  so. 
Inspect ion  of Table  I shows tha t  no rea l  t rend  exists  
for  the redox  potent ia ls  of t he  coupled products ,  and 
it is l ike ly  tha t  a number  of effects such as the re la t ive  
s tabi l iza t ion of reduced and oxidized forms by  de-  
local izat ion and conformat ional  effects may  p lay  im-  
por t an t  roles. Rela ted  subs t i tuent  effects are apparen t  
in the  anodic oxidat ion of N - a k y l  anil ines (6). 

Deserving special  note, though, is the unusual  ease 
wi th  which the 5-methyl iminos t i lbene  d imer  may  be 
oxidized. A reasonable  exp lana t ion  is that  the  ma jo r  
product  of the 5 -methyl iminos t i lbene  oxidat ion  is a 
d imer  coupled at the 10-position ra the r  than  the 2- 
posi t ion as is the case for the  other  compounds.  A 
s t ructure  VI i  reminiscent  of a 

M e  

V l l  

d iamiminobutad iene  resul ts  (dot ted  l ine outl ines the 
butadiene  backbone) .  Compounds such as this  a re  
known to be exceedingly  easy to oxidize (12). One 
might  also consider V l i  to be re la ted  to the d ihydro  
forms of b ipy r idy l ium dicat ions which  are ve ry  eas i ly  
oxidized (13). V l l  cannot  be isolated in the  presence 
of a tmospher ic  oxygen because of its low oxida t ion  
potential .  A t t empt s  at isolat ing the d iea t ion salt  of 
VII  af ter  bu lk  e lectrolysis  were  unsuccessful.  

If  the paren t  molecules are  sufficiently nonplanar ,  
the two paren t  moiet ies  of the  d imers  a re  effect ively 
e lec t ronica l ly  decoupled.  Removing an e lec t ron  resul ts  
in most of the  posi t ive  charge res id ing on one of the  
paren t  moieties.  Removing the second e lec t ron should 
then not  be much more  difficult than  the first. The 
oxida t ion  peaks for  the two processes would  then ap-  
pea r  close togethe?. This appears  to be the  case for 
5 -methyl iminobibenzyl  and imipramine.  The two oxi-  
dat ion peaks  observed for iminobibenzyl  suggests on 
the basis of the above a rgument  that  iminobibenzyl  is 
more p l ana r  than  the 5 -methy l  analogue.  

Since the coupled 5-methyl iminos t i lbene  also has 
only one oxida t ion  peak, one might  be t empted  to 
suggest  that  a reac t ion  scheme analogous to that  of 
5-methyl i rn inobibenzyl  was occurring.  However ,  the 
peak  separa t ion  be tween  the oxida t ion  is 30 mY and it  
is, therefore,  not  possible to ascer ta in  whe the r  these 
peaks correspond to two 1-electron processes occurr ing 
at the same potent ia l  or one 2-e lec t ron process. 
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A nuance of the 800 mV separa t ion  be tween  the two 
oxidat ions  of bicarbazoIes is tha t  any  neu t ra l  b ica r -  
bazole  formed as a t rans ien t  in the  oxida t ion  of car-  
bazole  can react  wi th  d ica t ion  to yie ld  the radical  
cation. A measurab le  ESR signal  might  be expected 
dur ing  electrolysis.  Such an ESR signal  was observed 
for carbazole  (8). The closeness of the two oxidat ions 
for the  d imer ic  5 -methy l iminob ibenzy l  make  the d r iv -  
ing force for such a react ion sequence much smaller .  
Accordingly,  the p robab i l i ty  of producing  a sufficient 
number  of free radicals  to observe dur ing  an e lec t ro ly-  
sis in an ESR cavi ty  is much less. In  l ine wi th  this 
reasoning,  an in situ elect rolys is  of 5 -methy l iminob i -  
benzyl  in an ESR (14) cavi ty  resul ted  in no ESR signal. 
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