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The Effect of Electrochemically Generated Positive Bromine Species in 
Acetonitrile on the Cleavage of C-Br and C-CI Bonds 

By James Y .  Becker **I' and Dvora Zemach, Department of Chemistry, Ben-Gurion University of the Negev, 
Beer Sheva, Israel 

The fate of bromine formed from C-Br cleavage during the course of anodic oxidation of alkyl bromides in aceto- 
nitrile on platinum has been investigated potentiostatically. It is suggested that positive bromine species are formed 
and they are potentially reactive towards alkyl bromides, yielding similar products to those obtained by direct 
anodic oxidation of the same bromides. Furthermore, whereas alkyl chlorides do not undergo C-CI fission by 
direct anodic oxidation it is shown that positive bromine species are energetically sufficient to break C-CI bonds, 
although not very efficiently. We suggest that a possible structure for the complex between acetonitrile and positive 
bromine species is mainly [(CH,CN),Br]+Br,- or [CH,CNBr]+Br,- and the mechanism for its formation is dis- 
cussed. The spectrum of this species found identical to that of Br3- (269 nm) in acetonitrile. 

I*r has been reported that anodic oxidation of acyclic 1 
and cyclic Ic? alkyl bromides (except for 2-bromoadaman- 
tane) gave exclusively carbon-bromine bond cleavage. 
While i t  is fairly well established that the organic frag- 
ments yield products derived from carbenium-ion type 
intermediates, the fate of the bromine is unknown. In 
fact, i t  is almost completely ignored or unreported. 
There is no mention in the literature of the detection of 
free Br, wliicli could result from a recombination of 
bromine radicals. Not only that, as far as we know, there 
is no indication of any products derived from a radical 
reaction initiated by bromine atoms. For example, one 
would expect tliat in acetonitrile, succinonitrile would lie 
formed (as a result of hydrogen abstraction from 
acetonitrile lollowed by dirnerization) .3 

If no electrically neutral species is fornied, prcbumably 
charged ones can be obtained under the conditions 
studied. There arc two possible mechanisms by wliicli 
charged species can form. (a) Rroinine radicals undergo 
fast recornbination a t  the electrode surface to form Br, 
which is immediately oxidized to Br,+. Slioulcl Br, bc 
formed its immediate oxidation is expected since i t  is 
oxidized a t  a lower potential (1.5 V V C Y S U S  Ag-Ag + ) than 
is applied €or the oxidation of alkyl bromides (2.5 V). 
(b) Bromine radicals may undergo further oxidation at 
the electrode surface before reconhination [reaction (l)] . 

a11odc 
Broads - B&ds or [CH,CNBr] + (1) 

A clieniically polarized oxidation from Bra tu J3r' at a 
platinum was previously propo~ecl.~b 

If indeed ionic species are formed in the cell, then one 
can reconcile the fact that  no free Br, and no radical 
products have yet been detected. 

This has encouraged us to initiate a systeniatic study 
of tlie cationic species possibly generated in the anodic 
cleavage of C-Br bonds. Since we do not know the 
exact nature of the as yet putative ionic species,? we 
will refer to i t ,  hereafter, as ' Br+.' The influence of 

t I t  is noteworthy that Br,+ is unlikely to be formed since it 
was found to be slightly stable even in  superacid systems (e.g., 
Sbl?,-2S03-HS03F)5 and to disproportionate to Bra+ and Brf. 

such species on C-Br and C-C1 bond cleavage has also 
been studied. 

RESULTS ANI) 1)ISCUSSION 

What kind of evidence can one gather to favour the 
postulate on an ionic bromine species being formed? 
There are both physical and chemical evidence irnplying 
tlie existence of ' Brf ' species. In  the present study we 
observed a U.V. spectrum for an electrolysed solution of 
Br, in CH,CN (AN) a t  1.6 V ('ocrszzs Ag-Ag+) with hlnRX. 
268 nni which is not derived from the solvent (210 nm), 
nor from Br, (418 This result indicates the 
possible formation of new species between Br, and AN. 

Chemical evidence for ' Br' ' species was found when 
the AN used for tlie electrolysis of Br, was not dry enough 
and acetaniide was observed after work-up. We suggest 
the riieclianisni in Scheme 1 as a possible explanation for 

SCHEME 1 

tlie forination of acetarnide in  the presence of ' Br+ ' 
species. Of course, it is also possible to assunic) the 
formation of acetamide by direct oxidation of tlie sol- 
vent. However, this possibility is unlikely since AN is 
electroinactive below ca. 2.5 V (Ag-Ag +). This obser- 
vation led us to pursue further the existence of the 
' Br+ ' species, 

Electrochemical OxidutioPb of Rr, in A N  in the Prcscncc 
of AZkyZ Hromidcs.--Others as well as U S , ~  have demon- 
strated tliat the breaking of C-Br bond can take place by 
direct anodic oxidation of bromoalkanes to yield N -  
alkylacetaniides and olefins. Given the postulate of the 
existence of ' Br+ ' in the anodic oxidation of bromo- 
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direct anodic cleavage of C-Rr bond requires higher 
potentials (>2.5 Ir). I t  is clear now that organic frag- 
ments derived from the electro-oxidation of alkyl 
bromides can also be formed via reaction with ' Br+ ', 
although not as efficiently as in tlie direct oxidation. 

The Polar N a t w c  of Br, + AN Solution and its 
Iitflucnce o n  C-Br Bond Breaking.-The question now 
arises whether the origins of ' Brt ' in our reaction mix- 
ture is exclusively anodic. I t  is known that although 
Br, has a low dielectric constant (3.09) its mixtures with 
acetamide, pyridinc, quinoline, acetonitrile, and dietliyl 
ether show a relatively high conductivity. For exaniplc, 
the equivalent conductivity of pyridine-Br, ( 1 ~ )  in 
nitrobenzene is 7.11 Q-l cm2 equiv-I compared with that 
of acetic acid ( 0 . 1 ~ )  in water, which is only 4.67 62-1 cm2 
e ~ l u i v - ~ . ~ ~ ~  The explanation for this is based on the 
assumption that ionic complexes are formed wliicli 
behave as weak electrolytes in aprotic media, for examl)le 
equations (2) or (3). 

pyridinc*2Br2 ~i [C,€I,N*Br] 4- Br,- (2) 

C€E,CONH,-Br2 [CH,CONH,Br] + -1 - Br (:J ) 
Popov et aL9 postulated that a charge transfer cornylex 

is formed from acetonitrile and halogens. A 1 : 1 corn- 
plcx was suggcsted for CH,CN-ICI, CH3CN-313r, and 
CH,CN-I,  mixture^.^-^ The formation of this charged 
species were explained by Miilliken lo as in Scheme 3. 
This mechanism suggests two charged complexes, an 
' outer complex ' (CH,CN*X,) and an ' inner complex ' 
(CH,CNX+X-) , wliich are interconvertable. The latter, 
if indeed present, could be due to a spontaneous cliemical 
reaction, and does not involve anodic oxidation. 

I t  is also possible that two acetonitrile molecules are 
co-ordinated to the positive bromine and the last two 
reactions in Schcrne 3 may be reylaccd by each of 

x, + x- + x, 
SCHEME :I 

(fast) 

quatioils  (4) and (5); the first is iii analogy to tlie 
riiechanisni suggestetl for pyridine*ICl .ll Does this 
scheme also apply to our case? 

2CH,CNXi S- =+= L(C€i,CN),X] -1 X, (4) 

CH,CNX'X- + X, + LCH,CNX] I + X,- (5) 

On the basis of the known absorption spectra recorded 
for Me,NBr in acetonitrile [Al,,:,x.(13r ) 218 nm (E lo4)] l2 

and Bu,NEr, in tlic same solvent [AI,,;tx,(Br3-) 269 nni (E 

55 000)],13 and our U.V. results (see before) we suggest 
that Br, -+- CH,CN fornis a coiriplex analogous to the one 
discussed in the mechanistic scheme, and whose structure 
is (CH,CN),Br] +Br3- or [CH,CNBr]+Br,-.* 

Making the reasonable assumption that Bu,NBr, is 
completely dissociated in CH,CN, one may calculate the 
extent of dissociation of the complex formed in our 

experiments. A solution of Br, ([Rrk 3 x ~ O - , M )  in 
acetonitrile gives an optical density of 0.6. From tlie 
known molar extinction of Br3-, tlie concentration of 
' free ' Br,- in this solution should be 1.09 x ~O-,M 
(optical path length 1 cm). Since a 3.0 x ~ O P M  solution 
of Br, could give a maximum Br,- concentration of 1.5 
Y 10 ,M, the yield of free (dissociated) Br, - is ca. 73%. 
In  this simple calculation we assume that the cation of 
the complex and any other positive bromine species do 
not contribute to the absorption at  269 nm. This 
assumption is quite reasonable sincc the known U.V. 
spectra of Br, '- and Br, in superacid niedia was reported 
to be 510 (E 1 400) and 375 nm (1 GOO), respe~t ively.~ 

If indeed Br, in A N  forms ' Br+,' then the so-formed 
species can partake in C-Br bond cleavage. 

To examine the influence of AN + Br, solutions on 
C-Br bond wc carried out experiments with various 
I( I )]/I-Br,] ratios without clectrolysing the solutions. 
The results, which are described in Table 3, show that 

'I'ABIX 3 

' the t4feci r d  iioii-electrolysetl solu tioiis o f  Hr, in A N  in 
the presence of l~roniocyclohe>;ane a 

Reaction time 
(l)/lHr,l (4 (? ;>I  (:I) ('%) (11) 

0.5 /2 .0  -- 0.25 14.0 3.0 24 
0.5/2.0 -- 0.25 0 . 3  0 . 2  6 

0.5/0.25 = 2.0 Trace 16 
0.5/1.0 - 0.5 16 
0.5/0.5 =-- 1.0 b l'racc 'Trace 5 

0 .5 /0 .5  == 1.0 " lrace Trace C i  

a Experimental conditions as in Table 2. b Without thc 
presence of LiC1040 

products due to C-Br b m d  rupture were fornied only 
when [(l)]/[13r2] < 1 ,  but even then, a t  very low yields. 
This result indicates that ' Bri ' species are indeed 
present hut in low concentration owing to  ' poor ioniz- 
ation ' of tlic acetonitrile--bromine complex. In  fact, it 
is so pour that the concentration of free ' Br + ' is minute. 
An analogy to this behaviour does exist; i t  was pre- 
viously shown that other acetonitrile-halogen complexes 
behave ~ i m i l a r l y . ~  I t  was also stated that i t  appears to 
be extremely unlikely that in iodoacetonitrile, for 
instance, the iodine would be sufficiently positive to be 
titratable iod~inetrically.~ 

The fact that  ionization is poor does not preclude the 
presence of some concentration of ' Br+ ' which could 
partake in C-I3r bond breaking. Indeed, when we 
allowed the non-electrolysed solutions to stand for longer 
periods (first entry in Table 3) the yield of C-Br bond 
cleavage derived products, increased. This trend was 
found to be true for compound ( I )  as well as for other 
bromoalkanes listed in Table 4. Tertiary bromides gave 
quite higli yields. In order to exclude the intervention 
of the non-electrochemical reaction we have limited the 

* Under certain coiiccntratioii conditions, a U.V. absorption 
corresponding to  Br- has also been observed. This cannot ex- 
clude the possibility that  i t  may serve partly as a counterion in 
the complex. I n  addition to  Rr,- and Er-, C10,- may also act as 
a counterion in the electrolysed mixture. 
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investigation to primary and secondary alkyl bromides one by a direct electrochemical process and the second, 
and to relatively short periods (Table 2), where this indirectly, via electrochemically generated positive 
reaction is inefficient. bromine species. The latter pathway is less efficient 

The conclusive result that the products yield is higher than the former but can take place a t  lower potential. 
in the presence of electrochemically generated ' Br+ ' ElectrochemicaZ Oxidation of Br, in A N  in the Presence 
than in non-electrolysed solutions of Br, is in agreement of AZkyZ Chlorides.-There is no precedent in the literature 

TABLE 4 
l'he effect of non-electrolysed solutions of Br, in AN on primary, secondary, and tertiary aliphatic bromides a 

Substrate (M)  (MI time (h) Products (%) 
Bra Reaction 

Cyclohexyl bromide (0.2) 

Cyclohexyl bromide (0.2) 

Cyclohexyl bromide (0.32) 
Cyclopentyl bromide (0.2) 

Cyclopentyl bromide (0.2) 

Cycloheptyl bromide (0.2) 

Cycloheptyl bromide (0.2) 

lsopropyl bromide (0.2) 
lsopropyl bromide (0.2) 
l-Bronio-2-methylpropane (0.2) 
l-Bromo-2-methylpropane (0.2) 
s-Butyl bromide (0.2) 
s-Butyl bromide (0.2) 
1 -Bromoadamantane (0.2) 
l-Bromoadamantane (0.32) 
t-Butyl bromide (0.2) 
t-Butyl bromide (0.32) 
1 -Bromobutane (0.2) 

2-Rromopentane (0.2) 

0.8 

0.8 

0.16 
0.8 

0.8 

0.8 

0.8 

0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.16 
0.8 
0.16 
0.8 

0.8 

5 

24 

24 
6 

24 

5 

24 

6 
24 

5 
24 
6 

24 
24 
24 
24 
24 
24 

24 

N-Cyclohexylacetamide (1) 
1,2-Dibromocyclohexane (Trace) 
N-Cyclohexylacetamide (14) 
1,2-Dibromocyclohexane (3) 
No product 
N-Cyclopentylacetamide (1.5) 
1,Z-Dibromocyclopentane (Trace) 
N-Cyclopentylacetamide (1 3) 
1,2-Dibromocyclopentane (1.8) 
N-Cycloheptylacetamide (0.5) 
1,2-Dibromocycloheptane (Trace) 
N-Cycloheptylacetamide (14) 
1,2-Dibromocycloheptane (2) 
Isopropylacetamide (Trace) 
Isopropylacetamide (1) 
t-Butylacetamide (Trace) 
t-Butylacetamide (1) 
s-Butylacetamide (Trace) 
s-Butylacetamide (Trace) 
l-Acetamidoadamantane (48) 
1- Acetamidoadamantane (10) 
t-Butylacetamide (9) 
t-Butylacetamide (4) 
s-Butylacetamide (Trace) 
1 -Acetamidobu tane (Trace) 
S-Acetamidopentane (trace) 

a Experimental conditions as in Table 2 except for using a volume of 25 ml for all solutions. 6 As described in footnote h in Table 2. 

with the mechanism described in Scheme 3 for the slow for direct anodic oxidation of the C-C1 bond. In fact, 
conversion of outer ' to ' inner ' complex. Presumably, electro-oxidation of l-chloroadamanate leads exclusively 
in our case, the inner ' complex is generated directly to C-H bond cleavage and to products which contain 
by the anodic process and not via the outer ' com- chlorine atoms.zb?d 
plex. This means that the rate-determining step, The ability of electrochemically generated Br+ 
AN-Br, + ANBr+Br-, is being skipped and con- species to cleave C-C1 bonds was studied. The results 
sequently a higher concentration of Br+ ' is present in are described in Table 5 .  The C-Cl bond can be cleaved 
the solution. indirectly although the efficiency of the process is lower 

In conclusion, C-Br bond scission in the anodic oxid- than for C-Br, as expected, since the C-C1 bond is 
ation of alkyl bromides occurs by two different pathways, stronger than the C-Br bond. 

TABLE 5 

bond of various chloroalkanes a 

The effect of electrogenerated positive bromine species relative to non-electrolysetl solutions o f  13r, f AN on thc C-(7 

Substrate (M)  

Cyclohexyl chloride (0.2) 
Cyclohexyl chloride (0.33) 

s-Butyl chloride (0 .2)  
s-Butyl chloride (0.32) 
s-Butyl chloride (0.33) 

t-Rutyl chloride (0.2) 
t-Butyl chloride (0.32) 
t-Butyl chloride (0.53) 
I-Chloropropane (0.56) 
a See footnote a in Table 2. 

the background value. 

Br, Reaction 
time (h) 

0.8 24 
1.33 4 

0.8 6 
0.16 24 
1.33 7 

0.8 24 
0.16 24 
0.27 0.5 
1.35 8 

See footnote b in Table 2. 

Total 
m F  

consumed 

10 

1.65 

2.41 
3.9 

G At 20 1 "C. 

I; per mole 
Br, Products (:&) 

0.5 N-Cyclohexylacetamide (8.6) 
No product 

1,2-Dibroniocyclohexane ('I'racc) 
3-Acetainidocyclohexene (1) 
No product 
No product 

0.4 2-.2cetamidobutane (7) 
1- Acetamidobu tane (Trace) 
t-Butylacetamide (7) 
t-Butylacetamide (2) 

0.6  t-Uutylacetamide (22.5) 
0.14 a 1-Acetamidopropane (Trace) 

The current throughout electrolysis was just above 
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~lectrolJ?ises.-Materials, instrumentation, cyclic voltam- 
nietry measurements, and preparative oxidations of ali- 
cyclic bromides were previously described.lC In  a typical 
experiment for oxidizing bromine solutions, acetonitrile- 
O.lw-LiC10, solution (15 ml) was introduced into the anodic 
compartment and the same solution was introduced into 
the cathodic part until they reached the same level. Then 
l~rc~mocyclopentane (8 mmol) and Br, (4 mmol) were added 
to the anolyte solution and an additional portion of the 
solvcnt-electrolyt~: solution was added to the catliolyte to 
level up the solutions. Tlie electrochemical cell was im- 
iiiersed in a warm water-bath (cn. 38”) and tlie solution was 
flushed with nitrogen throughout the electrolysis. The 
1)otcnlinl was fi.red to 1.6 V (zwysus Ag-0. ~ N - A ~ N O , )  and 
initial current was 50-60 mA. After passing 2inF the 
clcctrolysis was stopped and the anolyte solution was 
cvapratecl to G U .  5 1111. ‘l’hen ;t 10cyh i\;aHSO, solution was 
m l r l r ~ l  until the brown colour disappeared. The solution 
TVAS cxtrac,tctl three tinics into CHC1, or CH,Cl,, tlie organic 
~ ) I i ;~sc  \ w s  waslied with water, dried (MgSO,), and co~iccn- 
tr;ztcd. The  rtiixture was analysecl by g.l.c., using a 2 in 
x X in lOyo SIS-30 colunin and the protlucts were coiriparccl 
\\ itli  ,iutlic.ntic smiples. 

111 pra l le l  to the elcctrolyses, controlled blanlc expr i -  
incnts were (lone. Various compositions o f  the anolyte 
IIiiuturt.5 were allowed to stand ior 4-24 I t  a t  cn.  38 “C 
untler ;tii i iicr-t a,tnio~plicrc and then treated as described for 
the controlletl potential elect ro l~s is .  

T.u. n/Irnsuremvzts.--h lcnown concentration o f  IJr, in 
(‘H2CI2 ( 100 n i l )  wets prqmrecl. Several conccritrations o f  
ClI,CN in CH,Cl, (10 1111) were prepared. Uefore escli 

ineasurement, 0.1 1111 of tlie bromine solution was introduced 
into each CH,CN-CH,C1, mixture and the spectrum was 
recorded in the region 200-400 nm. 

We thank Dr. S. Shaik for enlightening comments. 
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