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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 ".t 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—Cl fission by

direct anodic oxidation it is shown that positive bromine species are energetically sufficient to break C—Cl 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]+Bry,~ or [CH,CNBr]+Br;~ and the mechanism for its formation is dis-
cussed. The spectrum of this species found identical to that of Br,~ (269 nm) in acetonitrile.

It has been reported that anodic oxidation of acyclic !
and cyclic &2 alkyl bromides (except for 2-bromoadaman-
tane) gave exclusively carbon-bromine bond cleavage.
While it 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, it is almost completely ignored or unreported.
There is no mention in the literature of the detection of
free Br, which 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. TFor example, one
would expect that in acetonitrile, succinonitrile would be
formed (as a result of hydrogen abstraction from
acetonitrile followed by dimerization).3

If no electrically neutral species is formed, presumably
charged ones can be obtained under the conditions
studied. There are two possible mechanisms by which
charged species can form. (a) Bromine radicals undergo
fast recombination at the electrode surface to form Br,
which is immediately oxidized to Br,*. Should Br, be
formed its immediate oxidation is expected since it is
oxidized at a lower potential 4 (1.5 V versus Ag-Ag*) than
is applied for the oxidation of alkyl bromides (2.5 V).
(b) Bromine radicals may undergo further oxidation at
the electrode surface before recombination [reaction (1)].

anodc

Breaas

CH,CN Brtags or [CH,CNBr}+ )

A cheniically polarized oxidation from Bre to Brf at a
platinum was previously proposed.

1f 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 systematic study
of the 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,t we
will refer to it, hereafter, as ‘ Br+.” The influence of

t 1t is noteworthy that Br,* is unlikely to be formed since it

was found to be slightly stable even in superacid systems (e.g.,
SbF;-250,-HSO,F)% and to disproportionate to Br,;+ and Br+.

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

RESULTS AND DISCUSSION

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 implying
the existence of * Br* ’ species. In the present study we
observed a u.v. spectrum for an eclectrolysed solution of
Br, in CH3CN (AN) at 1.6 V (versus Ag-Ag™) with &,
268 nm which is not derived from the solvent (210 nm),
nor from Br, (418 nm).% 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 the electrolysis of Br, was not dry enough
and acctamide was observed after work-up. We suggest
the mechanism in Scheme 1 as a possible explanation for

OH

H,0 |
CH,CN + 'Brt/ ———» CH,C=NBr 4 H*

O O

| 1]

CH;C=NBr =g=———== CH{,CN1iBr

0 O

1 H Il
CH,CNHBr ——» CH,C-NH, 4 Brt

SCHEME 1

the formation of acetamide in the presence of  Brt’
species. Of course, it is also possible to assume the
formation of acetamide by direct oxidation of the 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
“Brt’ species.

Electrochemical Oxidation of Bry in AN in the Presence
of Alkyl Bromides.—Others 2 as well as us,! have demon-
strated that the breaking of C~=Br bond can take place by
direct anodic oxidation of bromoalkanes to yield N-
alkylacetamides and olefins. Given the postulate of the
existence of ‘ Br*’ in the anodic oxidation of bromo-
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alkanes, is it possible that this species may intervene in
the well established cleavage of the C-Br bond?

In order to study the reactivity of “ Br*’ species
towards the C-Br bond, Br, was oxidized at 1.6 V in AN,
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The cleavage of C-Br by * Br* ’ can be initiated by an
Sk2 type mechanism or by a central attack on the bond
(with no intention to imply the preference of either
mechanism) (Scheme 2).

TABLE 1

The effect of electrogenerated positive bromine species on various relative concentrations of bromocyclohexanc ¢

Total
mF
[(1)]/[Br,] consumed 17 per mole Br,

0.5/4.0 = 0.12 31.90 0.53
0.5/2.35 = 0.21 9.41 0.40
0.5/1.95 = 0.254 2.50 0.06
0.5/1.5 = 0.34 11.42 0.51
0.5/0.975 = 0.51 4.55 0.47
0.5/0.5 = 1.0 2.43 0.33
0.5/0.325 == 1.54 4.93 0.51
0.5/0.245 = 2.0 2.18 0.45
0.5/0.1 = 5.0 0.86 0.57
0.5/0.1 = 5.0 3.01 2.00

@ I'xperimental conditions:
38 4 1 °C. [Initial currents were in the range 50
based on calibration curves employing g.l.c.

in the presence of cyclohexyl bromide (1) which is
oxidizable only above 2.5 V, under the conditions

HNCOCH,

ClelNes

studied.  We have studied the effect of clectrolysed
solutions with various [(1)] : [ Br,] ratios, on the scission of
the C-Br bond. The results are summarized in Table 1.
The chemical efficiency of the cleavage increases as the

¢ Yields arc based on calibration curves.

Yield of (2) Yield of (3) Reaction time
[mmol (% )] ¢ [mmol (%)] ° (h)
0.480 (6.4) 0.075 (1.0) 8.0
0.590 (11.8) 0.030 (0.6) 4.5
0.075 0.008 (0.2) 5.0
0.480 (6.4) 0.046 (0.6) 6.0
0.280 (5.6) 0.024 (0.5) 4.0
0.140 (1.9) 0.024 (0.3) 6.0
0.260 (1.7) 0.027 (0.2) 7.0
0.250 (2.5) 0.011 (0.2) 6.0
0.032 (0.4) 0.014 (0.2) 4.0
0.160 (2.2) 0.029 (0.4) 4.0

controlled potential at 1.6 V (versus Ag—0.IN-AgNO,) in CH,CN-0.1n-LiCl0, under nitrogen at
100 mA which decrcased to 5-—15 mA when the reaction stopped.

4 Yields are
4 At 20°C 1.

Table 2 summarizes the results obtained by reacting
‘Br'’ with a variety of alkyl bromides. As expected,
cleavage is favoured for secondary bromides over primary
ones. However, when a rearrangement to a more stable
carbocation is possible, as in the case of 1-bromo-2-

RBr +'Brt — [R—/B\r----‘Br”] of [R—Br] —=R" + Br,

\B:rfl
SCHEME 2

methylpropane, the cleavage process is even more
efficient (329%,) compared with the average total yield

TaBLE 2

The eftect of electrogenerated positive bromine species on various alkyl bromides ¢
S Y

Total
mk
Substrate (m) Br, (a) consumed

Cyclohexyl bromide (0.5) 0.3 4.93
Cyclopentyl bromide (0.53) 0.27 2.05
Cycloheptyl bromide (0.53) 0.27 2.76
Isopropyl bromide (0.53) 0.27
s-Butyl bromide (0.53) 0.27 2.05
1-Bromo-2-methylpropanc (0.53) 0.27 .18
1-Bromobutanc (0.53) 0.27 2.97
2-Bromopentane (0.53) 0.53 3.10

¢ Experimental conditions: acetonitrile-0.1m-LiClIO, (15 ml):

AgNO, and at 38 i 1 °C.
arc based on calibration curves of (2) and (3),

above ratio decreases. As a result of C-Br cleavage,
N-cyclohexylacetamide (2) and cyclohexene, which was
trapped as 1,2-dibromocyclohexane (3), were formed,
as in the direct electro-oxidation of bromocycloalkanes.t

nitrogen atmosphere:
¢ ldentification of products by authentic samples and g.l.c.
respectively; therefore, yields of products other than (2) and (3) are approximate.

Reaction
I¥ per mole time

Br, (h) Products (%) *

0.51 5.0 N-Cyclohexylacetamide (10)
1,2-Dibromocyclohexane (1)
3-Acetamidocyclohexene (2)

0.51 4.0 N-Cyclopcntylacctamidc (14)
1.2-Dibromocyclopentanc (1)

0.69 2.0 A\ (,ycloh‘,ptylacetdmldc (13)

2-Dibromocycloheptane (1)

.41 7.0 lsopropylacotamide (8)

0.51 5.4 2-Acetamidobutanc (10)
t-Butylaccetamide (trace)
I-Acetamidobutane (tracc)

0.91 3.5 t-Butylacetamide (32)
I-Acetamido-2-methylpropane

(trace)

0.37 8.0 2-Acctamidobutane (trace)
I-Acctamidobutanc (trace)

(.3% 5.0 2-Acetamidopentanc (10)

controlled potential at 1.6 V versus Ag-0.1N-
-m.s.  Yields of all amides and dibromides

from cach reaction (ca. 15%,). The results, in general,
indicate that ‘Br'’ species possess enough energy to
break the C—Br bond, but the reaction is not so efficient.
Ifor comparison, the more efficient (40—759%, yield)
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direct anodic cleavage of C-Br bond requires higher
potentials (>2.5 V). It 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 the direct oxidation.

The Polar Nature of Br, + AN Solution and ifs
Influence on C—Br Bond Breaking.—The question now
arises whether the origins of * Br* ’ in our reaction mix-
ture is exclusively anodic. It is known 7 that although
Br, has a low dielectric constant (3.09) its mixtures with
acetamide, pyridine, quinoline, acctonitrile, and diethyl
ether show a relatively high conductivity. FFor example,
the equivalent conductivity of pyridine-Br, (1m) in
nitrobenzene is 7.11 Q7! cm? equiv! compared with that
of acetic acid (0.1M) in water, which is only 4.67 Q1 cm?
equiv'l.”® The explanation for this is based on the
assumption that ionic complexes are formed which
behave as weak electrolytes in aprotic media, for example
equations (2) or (3).

pyridine-2Br, === [C;H N-Br]* +- Bry~ (2)
CH,CONH,'Br, === [CH,;CONH,Br]" - Br~ (3)

Popov et al.? postulated that a charge transfer complex
is formed from acetonitrile and halogens. A 1:1 com-
plex was suggested for CH,CN-ICI, CH,CN-1Br, and
CH,CN-T1, mixtures.”® The formation of this charged
species were explained by Miilliken 10 as in Scheme 3.
This mechanism suggests two charged complexes, an
‘outer complex ’ (CH,CN'X,) and an ‘inner complex’
(CH,CNX*X"), which are interconvertable. The latter,
if indeed present, could be due to a spontancous chemical
reaction, and does not involve anodic oxidation.

It is also possible that two acetonitrile molecules are
co-ordinated to the positive bromine and the last two
rcactions in Scheme 3 may be replaced by each of

CIH,CN 4+ X, === CH,CN'X,
CH,CN-X, === CH,CNX+X~
CH,CNX#X- === [CI,CNX]* + X- (fast
X + X=X,

SCHEME 3
equations (4) and (5);
mechanism suggested for pyridine-1CL.1!

scheme also apply to our case?

2CH,CNX ' X~ === [(CH,CN),X]" + Xy~ (4)
CH,CNX'"X™ + X, === [CH,;CNX]" + X4~ (5)

the first is in analogy to the
Does this

On the basis of the known absorption spectra recorded
for Me,NBr in acetonitrile (2, (Br') 218 nm (s 104)] 12
and Bu,NBr; in the same solvent {2, (Br;™) 269 nm (e
55 000)},13 and our u.v. results (see before) we suggest
that Br, -}- CH,CN forms a complex analogous to the one
discussed in the mechanistic scheme, and whose structure
is [(CH4CN),Br]*Bry~ or [CHZCNBr]*Br,~.*

Making the reasonable assumption that Bu,NBr, is
completely dissociated in CH3CN, one may calculate the
extent of dissociation of the complex formed in our
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experiments. A solution of Br, ([Br,] 3 x 10°M) in
acetonitrile gives an optical density of 0.6. From the
known molar extinction of Bry~, the concentration of
‘free” Bry~ in this solution should be 1.09 x 107M
(optical path length 1 cm). Since a 3.0 x 1075M solution
of Br, could give a maximum Br;~ concentration of 1.5
X 1073M, the yield of free (dissociated) Bry~ is ca. 739%,.
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 since the known u.v.
spectra of Br,* and Bry* in superacid media was reported
tobe 2, 510 (¢ 1 400) and 375 nm (1 600), respectively.’

If indeed Br, in AN forms ‘ Br*,” then the so-formed
species can partake in C~Br bond cleavage.

To examine the influence of AN 4 Br, solutions on
C-Br bond wec carried out experiments with various
((1)]/|Bry] ratios without eclectrolysing the solutions.
The results, which are described in Table 3, show that

TABLE 3

The effect of non-electrolysed solutions of Br, in AN in
the presence of bromocyclohexane *

Reaction time

(1)/[Bry] 2 %) @ (%) (b)
0.5/2.0 = 0.25 14.0 3.0 24
0.5/2.0 = 0.25 0.3 0.2 6
0.5/0.5 == 1.0 Trace Trace 6

0.5/0.:5 == 2.0 Trace 16
0.5/1.0 == 0.5 16
0.5/0.5 = 1.0 Trace Trace 5

¢ Kxperimental conditions as in Table 2. ¢ Without thc

presence of LiClO,.

products due to C-Br bond rupturc were formed only
when [(1)]/[Br,] < 1, but even then, at very low yields.
This result indicates that “ Br*’ species are indeed
present but in low concentration owing to ‘ poor ioniz-
ation ’ of the acctonitrile-bromine complex. In fact, it
is so poor that the concentration of free * Br* ’ is minute.
An analogy to this behaviour does exist; it was pre-
viously shown that other acetonitrile-halogen complexes
behave similarly.® It was also stated that it appears to
be extremely unlikely that in iodoacetonitrile, for
instance, the iodine would be sufficiently positive to be
titratable iodometrically.?

The fact that ionization is poor does not preclude the
presence of some concentration of ‘ Brt’ which could
partake in C-Br 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 (1) as well as for other
bromoalkanes listed in Table 4. Tertiary bromides gave
quite high yields. In order to exclude the intervention
of the non-electrochemical reaction we have limited the

* Under certain concentration conditions, a u.v. absorption
corresponding to Br~ has also been observed. This cannot ex-
clude the possibility that it may serve partly as a counterion in
the complex. Inaddition to Br,~ and Br—, ClO,~ may also act as
a counterion in the electrolyscd mixture.
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investigation to primary and secondary alkyl bromides
and to relatively short periods (Table 2), where this
reaction is inefficient.

The conclusive result that the products yield is higher
in the presence of electrochemically generated ‘ Br+*’
than in non-electrolysed solutions of Br, is in agreement
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one by a direct electrochemical process and the second,
indirectly, wia electrochemically generated positive
bromine species. The latter pathway is less efficient
than the former but can take place at lower potential.
Electrochemical Oxidation of Br, in AN in the Presence
of Alkyl Chlorides.—There is no precedent in the literature

TABLE 4
The effect of non-electrolysed solutions of Br, in AN on primary, secondary, and tertiary aliphatic bromides @
Br, Reaction
Substrate (M) (M) time (h) Products (%) ?
Cyclohexyl bromide (0.2) 0.8 5 N-Cyclohexylacetamide (1)
1,2-Dibromocyclohexane (Trace)
Cyclohexyl bromide (0.2) 0.8 24 N-Cyclohexylacetamide (14)
1,2-Dibromocyclohexane (3)
Cyclohexyl bromide (0.32) 0.16 24 No product
Cyclopentyl bromide (0.2) 0.8 6 N-Cyclopentylacetamide (1.5)
1,2-Dibromocyclopentane (Trace)
Cyclopentyl bromide (0.2) 0.8 24 N-Cyclopentylacetamide (13)
1,2-Dibromocyclopentane (1.8)
Cycloheptyl bromide (0.2) 0.8 5 N-Cycloheptylacetamide (0.5)
1,2-Dibromocycloheptane (Tracc)
Cycloheptyl bromide (0.2) 0.8 24 N-Cycloheptylacetamide (14)
1,2-Dibromocycloheptanc (2)
Isopropyl bromide (0.2) 0.8 6 Isopropylacetamide (Trace)
1sopropyl bromide (0.2) 0.8 24 Isopropylacetamide (1)
1-Bromo-2-methylpropane (0.2) 0.8 5 t-Butylacetamide (Trace)
1-Bromo-2-methylpropane (0.2) 0.8 24 t-Butylacetamide (1)
s-Butyl bromide (0.2) 0.8 6 s-Butylacetamide (Trace)
s-Butyl bromide (0.2) 0.8 24 s-Butylacetamide (Trace)
1-Bromoadamantane (0.2) 0.8 24 1-Acetamidoadamantane (48)
1-Bromoadamantane (0.32) 0.16 24 1-Acetamidoadamantane (10)
t-Butyl bromide (0.2) 0.8 24 t-Butylacetamide (9)
t-Butyl bromide (0.32) 0.16 24 t-Butylacetamide (4)
1-Bromobutane (0.2) 0.8 24 s-Butylacetamide (Trace)
1-Acetamidobutane (Trace)
2-Bromopentane (0.2) 0.8 24 2-Acetamidopentane (trace)

@ Experimental conditions as in Table 2 except for using a voluine of 25 ml for all solutions.

with the mechanism described in Scheme 3 for the slow
conversion of * outer ” to ‘ inner " complex. Presumably,
in our case, the ‘inner’ complex is generated directly
by the anodic process and not wia the ‘ outer’ com-
plex. This means that the rate-determining step,
AN-Bry, === ANBr*Br-, is being skipped and con-
sequently a higher concentration of * Br*’ is present in
the solution.

In conclusion, C-Br bond scission in the anodic oxid-
ation of alkyl bromides occurs by two different pathways,

b As described in footnote b in Table 2.

for direct anodic oxidation of the C-Cl bond. In fact,
electro-oxidation of 1-chloroadamanate leads exclusively
to C-H bond cleavage and to products which contain
chlorine atoms,2»4

The ability of electrochemically generated ‘Br*’
species to cleave C-Cl bonds was studied. The results
are described in Table 5. The C-Cl bond can be cleaved
indirectly although the efficiency of the process is lower
than for C-Br, as expected, since the C-Cl bond is
stronger than the C-Br bond.

TABLE 5

The effect of electrogenerated positive bromine species relative to non-electrolysed solutions of Br, ‘|

AN on the C-Cl

bond of various chloroalkanes @

Total
Br, Reaction mEF I* per mole
Substrate (M) (m) time (h) consumed Br, Products (%) ¢

Cyclohexyl chloride (0.2) 0.8 24 No product

Cyclohexyl chloride (0.33) 1.33 4 10 0.5 N-Cyclohexylacetamide (8.6)
1,2-Dibromocyclohexane (Trace)
3-Acctamidocyclohexene (1)

s-Butyl chloride (0.2) 0.8 6 No product

s-Butyl chloride (0.32) 0.16 24 No product

s-Butyl chloride (0.33) 1.33 7 1.65 0.4 2-Acetamidobutane (7)
1-Acetamidobutane (Trace)

t-Butyl chloride (0.2) 0.8 24 t-Butylacetamide (7)

t-Butyl chloride (0.32) 0.16 24 t-Butylacetamide (2)

t-Butyl chloride (0.53) 0.27 0.5 2.41 0.6 t-Butylacetamide (22.5)

1-Chloropropane ¢ (0.56) 1.35 8 3.9 0.14 ¢ 1-Acetamidopropane (Trace)

@ See footnote a in Table 2. ¢ See footnote b in Table 2. ¢ At 20 4+ 1 °C. 94 The current throughout electrolysis was just above

the background value.
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EXPERIMENTAL

Lilectrolyses.—Materials, instrumentation, cyclic voltam-
metry measurements, and preparative oxidations of ali-
cyclic bromides were previously described.* In a typical
experiment for oxidizing bromine solutions, acetonitrile—
0.1m-LiClO, 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
bromocyclopentane (8 mmol) and Br, (4 mmol) were added
to the anolyte solution and an additional portion of the
solvent—electrolyte solution was added to the catholyte to
level up the solutions. The electrochemical cell was im-
mersed in a warm water-bath {ca. 38°) and the solution was
flushed with nitrogen throughout the electrolysis. The
potential was fixed to 1.6 V (versus Ag—0.1N-AgNO,) and
initial current was 50—60 mA. After passing 2mI the
clectrolysis was stopped and the anolyte solution was
evaporated to ca. 5 ml. Then a 109, NaHSO, solution was
added until the brown colour disappeared. The solution
was extracted three times into CHCI, or CH,Cl,, the organic
phase was washed with water, dried (MgSO,), and concen-
trated. The mixture was analysed by g.l.c., using a 2 m
» Fin 109 SE-30 column and the products were compared
with authentic samples.

In parallel to the electrolyses, controlled blank experi-
ments were done. Various compositions of the anolyte
mixtures were allowed to stand for 4—24 h at ca. 38 °C
under an inert atmosphere and then treated as described for
the controlled potential electrolysis.

7w, Measuvements.—A known concentration of Br, in
CH,Cl, (100 ml) was prepared. Several concentrations of
CH,CN in CH,CI, (10 ml) were prepared. Before each

J.C.S. Perkin II

measurement, 0.1 ml of the bromine solution was introduced
into each CH;CN-CH,Cl, mixture and the spectrum was
recorded in the region 200—400 nm.

We thank Dr. S. Shaik for enlightening comments.

[0/855 Received, 5th June, 1980]
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